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It has become widely accepted that the most dangerous cardiac arrhythmias are due to reentrant
waves, i.e., electrical way® that recirculate repeatedly throughout the tissue at a higher frequency
than the waves produced by the heart's natural paceméiroatrial nodg However, the
complicated structure of cardiac tissue, as well as the complex ionic currents in the cell, have made
it extremely difficult to pinpoint the detailed dynamics of these life-threatening reentrant

arrhythmias. A simplified ionic model of the cardiac

action poter{#i®), which can be fitted to a

wide variety of experimentally and numerically obtained mesoscopic characteristics of cardiac
tissue such as AP shape and restitution of AP duration and conduction velocity, is used to explain
many different mechanisms of spiral wave breakup which in principle can occur in cardiac tissue.
Some, but not all, of these mechanisms have been observed before using other models; therefore, the
purpose of this paper is to demonstrate them using just one framework model and to explain the
different parameter regimes or physiological properties necessary for each mectrrbras high

or low excitability, corresponding to normal or ischemic tissue, spiral tip trajectory types, and tissue
structures such as rotational anisotropy and periodic boundary conglitbash mechanism is
compared with data from other ionic models or experiments to illustrate that they are not
model-specific phenomena. Movies showing all the breakup mechanisms are available at http://

arrhythmia.hofstra.edu/breakup and at

ftp://ftp.aip.org/epaps/chaos/E-CHAOEH-12-039203/

INDEX.html. The fact that many different breakup mechanisms exist has important implications for
antiarrhythmic drug design and for comparisons of fibrillation experiments using different species,
electromechanical uncoupling drugs, and initiation protocols2@®2 American Institute of

Physics. [DOI: 10.1063/1.1504242

Cardiovascular disease remains the most prevalent cause
of death in the industrialized world. In the United States,
an estimated 10% of all deaths are sudden and are mostly
due to ventricular fibrillation, a fast-developing distur-
bance in heart rhythm that disrupts the coordinated con-
tractions and renders the heart unable to pump blood
effectively. After decades of research, researchers still are
left with an incomplete understanding of how arrhyth-
mias like ventricular fibrillation initiate and evolve. Al-
though the advent of implantable devices has yielded
much success in avoiding arrhythmic episodes in patients
diagnosed with a predisposition to ventricular arrhyth-
mia, antiarrhythmic drug therapy is not always success-
ful. In some cases drug use actuallyjncreasedmortality,
findings that underscore the lack of understanding of the
mechanisms responsible for fibrillation. Experimental
work has shown that some atrial and ventricular ar-
rhythmias begin with the presence of scroll waves of elec-
trical activation that rotate at higher frequencies than the
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heart’s natural pacemaker, preventing normal function.
In many cases, existing scroll waves have been found to
break and to form new waves, which in turn yield further
breakup and more waves. Many theories have been de-
veloped to explain how breakup occurs. In this paper, we
use a single mathematical model of cellular electrical
activity to demonstrate, categorize, and explain many of
the mechanisms proposed here and elsewhere and to dis-
cuss the implications of the existence of multiple mecha-
nisms. Movies showing all the breakup mechanisms are
available at http://arrhythmia.hofstra.edu/breakup and
at ftp://ftp.aip.org/epapgchaogE-CHAOEH-12-039203
INDEX.html. 2%

I. INTRODUCTION

Cardiovascular disease is the most common cause of
death in the industrialized world, with serious health and
economic impacts. Nearly one million deaths annually are
caused by cardiovascular disease in the United States alone,
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or over 40% of all death5Almost 25% of these are victims antiarrhythmic therapy versus 3 with placebo, had occurred
of cardiac arrest,of whom an estimated 95% die before out of 665 in the study group, yielding a relative risk of 5.6.
reaching the hospital.Most of these are sudden cardiac In the SWORD trial, the pure potassium channel blocker
death$ attributed to ventricular fibrillation(VF), a fast- d-sotalol was tested on the assumption that prolongation of
developing electrical disturbance in the heart's rhythm thathe action potential duration might be protective and reduce
renders it unable to pump blood. While implantable cardio-all-cause mortality in high-risk patients with Ml and left ven-
verter defibrillators have been highly successful in terminattricular dysfunction, a hypothesis based on studies using
ing arrhythmic episodes in patients with diagnosed heart disamiodarone, a class Ill antiarrhythmic drug which showed
ease, studies indicate that more than half of sudden cardigmtential for improving survival rate. Previous experiments
deaths arise in individuals with no previous symptdms. also had shown antiarrhythmic effects for d-sotalol, such as
Atrial fibrillation, although not as immediately life- non-inducibility of ventricular tachycardi@vT) in rabbit
threatening as ventricular fibrillation, causes an estimategreparationd® The SWORD trial was terminated after a
15% of all strokes due to clot formation from stagnation ofmean follow-up of 148 days because of an increase in mor-
blood in the atrid. Thus cardiac fibrillation remains a serious tality in patients taking d-sotalol78 deaths versus 48 for
health problem. placebo out of 3121 patients, with a relative risk of 1.65
Fibrillation arises when the heart's usual electricalFrom the results of these trials, it is clear that a detailed
rhythm is disturbed. Whereas the heart's muscular contraainderstanding of arrhythmogenic mechanisms is needed so
tion usually is smooth and coordinated due to a single wavéhat the experiences of the CAST and SWORD trials are not
of electrical excitation that signals the cells to contract, durtepeated. In addition, the failure of the PVC suppression hy-
ing fibrillation the normal electrical signal is masked by pothesis, as evidenced in the CAST trial results, suggests that
higher frequency circulating activation waves, leading tomore than one mechanism can produce fibrillafof? in
small and out-of-phase localized contractions. Althoughwhich case trying to suppress one mechanism possibly can
some cases of fibrillation may be attributed to rapid forma-enhance another.
tion of impulses arising from multiple spontaneous fbci, Much of our understanding of arrhythmia mechanisms
which is known to occur experimentatlyn cultured ven- has come from experiments in different preparations, most of
tricular muscle and atrial tissifd, the most prevalent hy- which have been conducted in single cells or in small tissue
pothesis is that during fibrillation, at least 8At* and possi-  preparations using surface arrays of electrodes. Over the last
bly many''~" three-dimensional spirals or scroll waves of decade, optical mapping technigtfehat allow visualization
electrical activation are present, which have been observeaf the surface potentials at all sites have advanced substan-
experimentally in many preparations. Therefore, the dynamitially, increasing our understanding of arrhythmia dynamics,
cal complexity that can be observed on the surface of théut intramural dynamics have remained largely hidden. Re-
heart may be due to multiple scroll waves with short andcently developed transmural recording techniques such as
long life spans due to collisions and various tissue heterogeransilluminatiod® and optical fiberé® both of which use
neities, with the observed activity rendered more complex byoltage-sensitive dyes, and fiberglass needle electtbdes
the high degree of rotational anisotropy in the tissue. may address this limitation by allowing further investigation
Although the general processes that produce fibrillatiorof the intramural dynamics and illuminating some of the
have been characterized, the precise mechanisms responsibiechanisms underlying fibrillation.
for its onset and maintenance are not yet understood. The On the other hand, for over half a century, computer
consequences of incomplete knowledge of arrhythmisimulations have complemented traditional animal experi-
mechanisms have been illustrated dramatically in the resultsients and have contributed to the understanding of arrhyth-
of several antiarrhythmic drug trials, most notably themias. In the 1940s, Wiener and Rosenbld&tegan the field
CAST®19 and SWORDB trials, in which mortality in-  of computational cardiac electrophysiology by using a
creasedfor post-myocardial infarctioiMl) patients receiv- simple cellular automata model to describe action potential
ing pharmacotherapy compared to placebo. In the CAST tridynamics and to investigate the conditions under which ar-
als, the drugs being tested reduced the occurrence ahythmias could develop. Despite the simplicity of their
premature ventricular contractioliBVCsg, phenomena that models, they explained how reentrant waves could circulate
can trigger arrhythmias under the right conditions. By reduc-around obstacles and provided a theoretical framework for
ing the number of PVCs, it was hypothesized that the likeli-the circulating waves observed in cardiac tissue experiments
hood of arrhythmia initiation would be reduced as well. by Mines® in 1913 and Garrey in 191%. [McWilliams®!
However, this did not turn out to be the case, as those PVCHirst suggested the concept of reentry as one of the mecha-
that did occur were far more likely to induce fibrillation than nisms responsible for the onset of cardiac arrhythmias in
without drugs. The CAS¥ trial of encainide and flecainide 1887] In the 1960s, Mo# and collaborators expanded the
was stopped after a mean follow-up of 10 months, since asimple cellular automata model of Wiener and Rosenblueth
that time a total of 148 deaths, 106 in the antiarrhythmicby adding more states and introducing a degree of random-
drug group versus 42 in the placebo group, had been regisiess in the refractory period duration. Their contributions
tered out of the 1498 initial patients, producing a relative riskproduced a dispersion of refractoriness and under certain
of 2.5. Similarly, the CAST f° trial using moricizine was conditions allowed reentrant excitatiofspiral waveg that
terminated after studying the effects of therapy during a 144did not require an anchoring obstacle to rotate and that could
day exposure period in which a total of 20 deaths, 17 withbreak into multiple wavelets reminiscent of experimentally
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observed fibrillatory patterns. By the 1960s and early 1970sstate. In addition, we describe many possible types of spiral
continuous models of general excitable media were introwave tip trajectories in cardiac models.

duced and were used to demonstrate the existence of spiral

waves in isotropic tissue. With increased computer power byA. Restitution of action potential duration and

the early 1990s, many mechanisms of spiral wave breakugonduction velocity

were demonstrated in two dimensiotis*®By the late 1990s
and early 2000s, simulations have advanced to examin

three-dimensional effectS, including rotational aniso-
40,41

When the heart beats at a faster rate than normal, such as
Guring increased physical activity, the relative durations of

systole and diastole are adjusted to ensure that both filling of

tropy, " and are beginning to investigate the contributionsyye chambers and ejection of blood occur efficiently. An in-
of anatomical structures to arrhythmogend&is®Together,  creage in frequency without a change in the systole duration

the simulation results of the last several decades have agjq|d lead to a disproportionate decrease in the correspond-

vanced spiral wave theory by proposing various mechanismg,q giastole duration, and at high frequencies, the ventricles
for the onset and evolution of spiral wave breakup. would not be filled before contracting. For this reason, if a

_In this paper, we discuss a number of mechanisms 0fg:ong action potential is initiated soon after the first, when
spiral wave breakup that have been hypothesized to contriyo; 41 jonic processes have recovered fully to their rest

ute to arrhythmia initiation and maintenance in homogeneousaes; the duration of the second action potential is shorter

cardiac tissue. While some of these mechanidmsnot all a1, the first because the transmembrane current is reduced.
have been described before, each using one particular ionj€ toliows that an action potential duratigPD) is a func-
model and thus requiring the use of several different model§,n, of poth the previous APDs and the time between exci-
to show all the mechanisms, we intend to demonstrate all Ofytions, also known as the recovery time or diastolic interval
them using one single model, for two reasons. First, illustratyp|) The function depends on the different characteristics of
ing all the mechanlsms using only one model shows that theY|| the ionic currents found in cardiac cells; however, the
are model-independent phenomena. Second, analyzing NQyesoscopic dynamics of the depolarization wave front and
these different mechanisms relate to parameter regimes CQizpo|arization wave back, as well as the interaction between
responding to different electrophysiological properties withing,ase two fronts, can be obtained by using simple experimen-
the context of one model facilitates comparison of the rey5 curves relating only APDs to Dis. These curves com-
quirements for each mechanism that can underlie the trans,iﬁomy are referred to as APD restitution cun¢éar example
tion from tachycardia to fibrillation. see Fig. 4 and other figures throughout the Ytedote that
The rest of this paper is organized as follows. In Sec. llgistinguishing the APD from the DI requires defining a volt-

we review the restitution properties of action potential dura—age cutoff during repolarization. In general, a percentage of

tion and conduction velocity, which are mesoscopic characg,q voltage repolarizatiofe.g., 80% is used as a threshold

teristics that can help in describing cardiac tissue, along with separate the APD from the DI, and the cutoff is indicated
the different trajectories and dynamics of stable spiral WaveSyy \riting the percentage as a subscrigtg., APDy).

In Sec. Il we discuss the simplified ionic model used and itsThroughout this manuscript we use the 80% cutoff (ARD
parameters. Section IV describes six different mechanismgan calculating restitutions. In addition, we note that resti-
for spiral wave breakup in two dimension. In Sec. V' We ytion curves measured in a single cell can differ from those
show a quasi-three-dimensional case where boundary effecfgyained in cables or whole tissue due to the presence of
can become important in some regimes. Section VI describ&gactrotonic effects, as described further in Sec. VII. All APD
three different mechanisms that can occur in three dimenzagiitytion curves presented in this paper were obtained in

sions(3D). In Sec. VII we discuss the ten mechanisms de'one-dimensionaﬂlD) cables(see the Appendix for more de-

scribed earlier and the implications of our results. Section[ans)_

VIII presents conclusions and summarizes further prospects. A second fundamental mesoscopic property of excitable

Finally, in the Appendix, the equations and model parameterg,eia and thus cardiac tissue is the restitution of conduction

for all simulations, a description of the protocol used to Meaye|ocity. When a sequence of propagating pulses is pro-

sure restitution curves, and a brief discussion of numenca&uced’ the influence of the preceding pulse on the subsequent
methods are presented. We note that although ten parame{gte s reflected not only in its action potential duration but
sets are listed and ten breakup mechanisms are presentegh, i jts propagation speed. Conduction velocity restitution,
there is not a one-to-one correspondence between them. harefore, is the direct analog of APD restitution in the sense
that it relates the speed of a pulse at a given site to the
Il REVIEW recovery time at that site or its preceding (or example,
see Fig. 5 and other figures throughout the )teXhe CV
In this section we describe two mesoscopic characterisdepends on the orientation of the wave front with respect to
tics found in cardiac tissue, namely action potential duratiorthe fiber axis of the cells. However, in a continuous medium
restitution and conduction velocity restitutiofThroughout  with straight, parallel fibers, we can arbitrarily choose to de-
this paper, the term mesoscopic is used to describe propertiéise the fiber axis parallel to a coordinate axis. Conduction
at scales intermediate between subcellular and whole drgargenerally is slower in partially recovered tissue, so that the
These restitution properties incorporate in a functional formCV decreases with decreasing DI to a minimum velocity
the ionic complexity underlying the relationship of pulse du-greater than zero. This means that propagation fails for any
ration and velocity with respect to the previous activationDI shorter than the minimum DI. Like the APD restitution,
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Nevertheless, predicting a spiral wave’s period of rotation
and tip trajectory as a function of model parameters is com-
plex, and at present there is no analytical theory for spiral
wave motion except in the weakly excitable lirffit’

Despite the lack of a general theory, some insights into
which parameters can cause tip trajectories to change quali-
tatively among the different patterns of motion have been
developed. The transition from circular to meandering mo-
tion originates by a supercritical Hopf bifurcati6h’? "3
which introduces a second frequency that adds modulated
waves and whose onset has been explained rigorously in the
large core regime by Hakim and KarmaWithin the mean-
der regime, the transition from epicycloidal to hypocycloidal
- ; occurs as the second frequency grows larger than the original

D E E one®® with cycloidal occurring in between when both fre-
FIG. 1. (Color) Varieties of spiral wave tip trajectories. Shown &a cir- quencies are the same. The tr.anSItlon to.“near core has been
cular, (b) epicycloidal (also known as meander with inward petal) ~ argued to occif when the radius of rotation produced by
cycloidal, (d) hypocycloidal(also known as meander with outward petals the faster frequency is much smaller than the spiral wave-

C) zyfzfmeé}gdgf_ingthaff) 'i”93F tfsieth?fieS- Spira'f are ?btained W_itTE the length \, with a rotation of the linear core at a slow rate
model described in the Appendix by using parameter set 1det(e) wi proportional tor/\.

progressively increasing excitabilifya) 74=0.41; (b) 74=0.392; (c) 74 - . .
=0.381; (d) 74=0.36; (¢) 74=0.25] and by using parameter set 2 f6y. In Fig. 1, we show examples of these trajectories ob-

The voltage field colors range from orange and fexcited to green and  tained using the model described in Sec. Ill. Transitions such

blue (refractory to black(quiescent and the levels can be compared to the 35 those depicted can be obtained by varying either the
\ﬁlt:agez\slilquses in Fig. 3. Tissue size is 8.8.3 cm, withAx=0.025 cm and sodiunt? 6467 (excitability) or the calcium and/or potassium
' ' dynamics(wavelength.®*"* It is important to note that sev-

eral of these trajectories have been observed experimentally

CV restitution curves in this paper were calculated in 1Din cardiac tissué?" ™ *particularly linear corefsuch as the

cables. Additional details are given in the Appendix. ones shown in Figs.(&) and Xf)], which apparently occur
The APD and CV restitution curves are fundamental toPredominantly in normal cardiac tissue with a line of block

characterizing the wave dynamics of the system, since as @PProximately 1-2 cm longsee, for example, Figs. 2-5 in

first approximation they reflect the mesoscopic effects ofR€f. 16, Fig. 7 in Ref. 60, and Fig. 6 in Ref.)77

changes that occur in ionic currents and concentrations at the TO trace the tip trajectory, different methods have been

cellular level. The importance of restitution in understandingused. For example, the so-called pivot metfiagacks the

cardiac dynamics has been emphasized in numerougpatially discretized grid points that did not cross a given
numerical**>46-5%and experimental studi@s->® subthreshold level of voltage in a previous period. This

method only defines amnexcitedregion during a former
period® and only works when the spiral wave moves very
slowly and the tip trajectory is almost circular. Biktashev
Spiral waves in cardiac tissue models and experimentst al>® used a method that consisted of identifying the spa-
can follow different types of paths:®°°~®*from circles to tially discretized grid cell with neighboring nodes found in
linear trajectories with sharp turns. In between there is dhree different states that depended on a selected constant
wide range of different trajectories that follow a series ofvoltage. A similar metho@ differentiates between four states
winding, loop-like bends that turn upon themselves and aref the cells(exciting, excited, refractory, and réstnd iden-
known as meandering trajectoriesee Fig. L Although use- tifies points that have neighbors in each of the four states.
ful for analyzing the stability of spiral waves, to date no However, the accuracy of these two methods depends on the
theory explaining spiral tip trajectories has been developedpatial resolution. Barklegt al®® used a method that is less
in terms of the APD and CV restitution curves, partly be-sensitive to the effect of spatial resolution, which consists of
cause tip trajectories depend not only on the waveléfgth finding the intersection between the contours of two vari-
and the excitable ga,both of which can be obtained from ables. However, this method may only work for models like
the restitution curves, but also on the critical radius ofthe FitzHugh—NagumdFHN),®! since one of the contours
curvatur&-%(j.e., tissue diffusion and excitability given by depends on the slow gate variable. Another method used ef-
the rate of rise and the threshold for excitajiamd to some ficiently for FHN-type models with two variables is to find
extent on electrotonic effeé&(produced by the action po- the point of maximum cross product for the gradients of the
tential shape and tissue diffusioiThese last two elements in two variable$? We should mention that some of these meth-
principle may be obtained by knowing the APD and CV ods do not work in three dimensions, especially when spiral
restitutions at all possible cutoffs or threshold®., APD  waves are not perpendicular to tkey plane.
restitution curves formed using ABR APDgy, APDy, Throughout this manuscript, we identify spiral wave tips
etc) to allow the effects of the shape of the action potentialas points with zero normal velocity at an arbitrarily chosen
and interactions with neighboring cells to become apparenisopotential line that defines the boundary between the depo-

B. Spiral wave tip trajectories
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FHN_model A shown in Fig. 2. This unavoidable problem slightly changes
the size of the trajectory depending on the isopotential or
—2amv percentage of repolarization used. Nevertheless, as illustrated
in Fig. 2, the basic morphology of the trajectae/g., linear,
circular, or meanderingremains independent of the isopo-

i APD tential chosen. For models such as the FHN, where the wave
front and wave back are thin boundary layers of widtkhis
problem does not occur because the trajectories obtained
MBR—model 5 with different isopotential values differ by less than

Ill. IONIC MODEL

Throughout this paper, we use a previously
describedf®58” simplified mathematical ionic model for the
i APD cardiac action potential, whose purpose is not to replicate
faithfully the microscale ionic complexity of cardiac cells,
FIG. 2. Spiral tip trajectories found using the zero normal velocity method.but rather to reproduce the _aCt.'on pOtem"?l dynamics at a
(a) Trajectory found using an isopotential ef20 mV for the Fitzhugh— Mesoscale level where restitution properties can be mea-
Nagumo mode(Ref. 81). Since the depolarization and repolarization times sured. The model was constructed so as to incorporate only
are glmos} the same, it QOes not matter which isopotential value i§ chosee minimum set of ionic membrane currents necessary to
(b) Tip trajectory of the eight-variable Beeler—Reuter mogdetf. 92 with . _— .
a speedup in calcium dynamics by a factor dMBR mode), using isopo- reproduce generic restitution curves, and thus consists of
tentials at—60 mV (solid line) and — 40 mV (dashed ling The dashed line ~ three independent ionic currents. These currents can be
is smaller because the gradual repolarization gives a shorter APB4at  thought as effective sodium, calcium, and potassium cur-
than at—60 mV. Although the specific trajectory changes slightly at differ- rents; however, we refer to them as fast and slow inward and
ent isopotential values, the overall shape of the trajectory remains the samg, v outward currents as a reminder that they do not repre-
sent quantitatively measured currents. Despite their simplic-
ity, these currents retain enough structure of the basic cur-
larization and the repolarization wave back. This methodyents involved in cardiac excitation that their parameters can
defined in Ref. 41, can be used at any given time with arbe varied to reproduce the restitution curves of more com-
interpolation routine, so that the spiral tip trajectory is foundplex ionic modelé'**®as well as those obtained from ex-
accurately and independently of the spatial resolution as perimental dat4!“>®8Figure 3 shows examples of the model
continuous trajectory in space as a function of time. With thiswith parameters fitted to reproduce the action potential
method the trajectory of a scroll way¢hree-dimensional shapes and APD and CV restitution curves of two different
(3D) spiral wavd can be obtained accurately, along with ionic models as well as one set of experimental data.
information about its curvature, twist, and torsion, which are  The model consists of three variables: the membrane
important characteristics when analyzing scroll wave dynamvoltage V, a fast ionic gatev, and a slow ionic gatev.
ics. Two other commonly used methods for determining spi-Therefore, we refer to the model as the 3V-Sithree-
ral tip trajectories work equally well. The first method, which variable simplified ionic model%®#" The three variables
is the only method that has been used so far in bottare used to produce a total membrane curtgpt|4(V;v)
experimenty and numerical simulations;®® uses a phase +1.(V)+I4(V;w) given by the sum of the three indepen-
map for each recorded site as a function of time. The phasdent phenomenological currents. The currgg(tV;v) is a
map assigns values between 0 antdepending on the lo- fast inward inactivation current used to depolarize the mem-
cation in phase space, or equivalently as a function of voltbrane when an excitation above threshold is induced. It de-
age as well as its time derivative, thereby avoiding the dupends on the inactivation gate variableand on a fast acti-
plicate values of voltage found during the upstroke andvation gate modeled by a Heaviside step function. The
during repolarization. Points in the tip trajectory correspondcurrentl ;(V) is a slow, time-independent rectifying outward
to phase singularities, which are the points where the waveurrent used to repolarize the membrane back to the resting
front meets the back, thus producing singularity in the phasepotential. The currenit;(V;w) is a slow inward inactivation
This method has been shown to give the same results as ticarrent used to balandgV) and to produce the observed
zero-normal velocity techniqu¥. The second method fol- plateau in the action potential. It depends on the inactivation
lows the spiral wave trajectory by finding the points with gate variablev and on a very fast activation gate variable
null curvature over a given isopotentfI®® The point with  which has been replaced by its steady-state funaligfV).
zero curvature is not very sensitive to slight changes irlJsing the steady state function keeps the model as simple as
waveshape as compared to other characteristic points, sugossible; nevertheless, the variabdiean be used instead of
as the point of maximum curvatufé,so that an accurate the steady-state function in order to reproduce specific action
trajectory also may be obtained using this method. potential(AP) shape¥* (see Fig. 3and to include more de-
Independently of the method used, the precision in positailed electrotonic effects in the model dynanfigs.
tioning the spiral wave tip in cardiac tissue becomes a func-  In the model, the slow currentgfV) andl(V;w) are
tion of the spatially diffuse wave back because of the muchndependent of the fast currehi(V;v), allowing the APD
slower repolarization period compared to depolarization, asestitution curve and the CV restitution curve to be set inde-
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FIG. 3. (Color) Comparison of action potentials obtained using a variation of the model described in the Appendix with other models and exgayiments.
Three consecutive activations using the 8-variable Beeler—Reuter rtieekl92 (black and the simplified mode(Ref. 69 (red. (b) Two consecutive
activations using the 24-variable Courtemanehal. atrial model(Ref. 235 (black) paced at a 300 ms cycle length and the simplified model fitted(ted}

(Ref. 44. (c) Experimental optical AP from rabbit ventricle using cytochalasifuBcoupling drugand the corresponding model (Refs. 45 and 88 The

color and grayscale bars indicate the voltage color and gray scales used throughout this paper.

pendently[ The APD and CV restitution curves are found to sections is made only to facilitate clarity in referencing and
be coupled at small diastolic intervals for small sodium con-discussion within this paper and not to indicate prevalence or
ductancesglow excitability), but as the excitability increases, importance.
the two curves decoupf€] Six model parameters are needed
to fit an arbitrary CV restitution curve: four time constants,
70, 7.1, T,,, and 74, corresponding to the opening and Although the breakup of spiral waves has been known to
closing time scales for the fast variableand the depolar- occur since the early numerical experiments of Wiener and
ization time, and two voltage thresholdg, andV,,, which ~ Rosenbluetff and Moe? it was not until 1991 when the first
are used to define the range of the membrane potentiakD simulations using ionic cell models were perfornigd?
Seven model parameters are used to fit an arbitrary APJhose simulations showed that spiral breakup was possible
restitution curve: five time constants,, , 7,,, 7,, 75, and  €ven in a uniform medium without heterogeneities. Courte-
70, corresponding to the opening and closing time constantganche and Winfré8 showed that speeding up the dynam-
for the sloww gate variable and the time constants for theics of the calcium current by a factor of at least 2 in the
slow current; the threshold potentidf'; and the activation Beeler—ReutefBR) modef? could prevent spiral breakup.
width parametek. The complete set of equations that de- This modification of the BR model is denoted as the MBR
scribe the 3V-SIM in cardiac tissue is described further andnodel. Courtemancfi¢later explained the breakup seen in
summarized in the Appendix. the BR model in terms of the steepness of the APD restitu-
All simulations were performed by discretizing the equa-tion curve.
tions in the appendix on a uniform mesh using a semi-  Since the pioneering paper of Nolasco and Dafffein,
implicit Crank—Nicholson scheme. Except where noted othhas been known that steep APD restitution cur@esse hav-
erwise, Neumanimno-flux) boundary conditions were used to ing a region with slope greater than grean produce oscil-
ensure no current leaks at the boundaries. The integratidations in APD via a Hopf bifurcatiofi>****These alternans
time stepAt and grid spacing\x were chosen depending on can result in spiral wave breakup in 26%% Wwhen the
the particular parameters of the model, especially the excitslope of the restitution curve is greater than one, small

ability, so as to give numerically resolved solutions. See the¢hanges in DI are magnified into larger changes in APD,
Appendix for more details. whereas changes in APD due to changes in DI are damped

out at smaller slopes. Because the minimum DI is greater
than zero, for a fixed period, a long APD produced by the
oscillations can demand a DI below the minimum and cause
conduction block, as shown in Fig[for hands-on examples
The transition from a single spiral wave to multiple we refer to the JAVA applets in Ref. 96In the BR model,
waves is accomplished via wave break, which in the strictesthe slope of the APD restitution curve becomes greater than
sense is always due, at least in two dimensi@i), to con-  one at a period of about 310 nsorresponding to a DI and
duction blocks that form whenever a wave encounters tissuAPD of approximately 100 and 210 ms, respectiyeligure
that is absolutely refractory and fails to propagate. However4 shows transient oscillations leading to steady state when
it is possible to differentiate among breakup processes basegutriodically pacing at a period of 320 nisolid ling), which
on electrophysiological and structural tissue properties and tis slightly above the point at which the slope exceeds one,
classify them into different mechanisms in terms of the APDusing an initial DI of 205 ms. The dashed trajectory illus-
and CV restitution curves, tissue excitability, spiral period,trates the transient oscillations and subsequent conduction
and spiral tip trajectory, as well as initial conditions. In this block (denoted by the arrowfor a constant period of 295
section, we describe six mechanisms that lead to spiral wavas, which is below 310 ms and thus within the region of the
breakup and analyze the source of the conduction blocks. Weurve where the slope is greater than oeslightly differ-
note that the numbering of mechanisms here and in othegnt initial DI of 200 ms, rather than the value of 205 ms used

A. Steep APD restitution

IV. MECHANISMS OF SPIRAL WAVE BREAKUP IN
TWO DIMENSIONS
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FIG. 4. Beeler—Reuter APD restitution curve obtained in a cable using thé"!G. 5. CV restitution curve for the wave frofgolid line) and wave back
3V-SIM illustrating the geometrical argument of Nolasco and DalfRef.  (Iong dashesusing parameter set 3. At large Dislope less than on¢he
93) for oscillations of APD and conduction block. We show two cases in front and back velocities are the same, but they diverge at small Dis corre-

which a constant periodic stimulation is applied following an initial DI. SPonding to the region where the slope of the APD restitution curve is
Because the constant period of stimulation is the sum of APD and DI, theréater than one (Bi~100 ms). The CV is measured at the center of a 1D
period T can be determined from the points at which a line-a5° inter-  cable 4 cm long. Although the velocity of the wave back is a useful theo-

sects the axes, at (0, and (T,0), as shown. Two examples are shown: retical tool, its measurement is not straightforward. When the wave back
steady state obtained by pacingTat 320 ms using an initial DI of 205 ms velocity is measured in a shorter calple5 cm), electrotonic effects induced

(solid ling), and conduction block obtained when pacing at295 ms using  PY the boundaries can change the curve substantstligrt dashes
an initial DI of 200 ms(dashed ling The dynamics are displayed following

a cobweb similar to a logistic mafsee the text for more detalilsBecause o )
the 3V-SIM parameters are fitted to accurately represent the BR restitutioslope of the APD restitution curve is greater than one (DI

curves?using parameter set 3, the curve shown here is idefRietd. 41,69, <100 ms) can be observed by plotting the CV restitution for
and 87 to that obtained using the full BR model. The region with slope : -
greater than one occurs for periods below about 310 ms=(DD, APD both the front _a”‘,j the back, as ShF)Wﬂ In_Flg' 5. The wave
~210), and the minimum DI possible before reaching conduction block isback _CV6 ggestltutlon can be obtained either by a Qelay
equatiof®®® once the APD and wave front CV restitutions
are known or directly from numerical simulation.
. . L However, it is important to mention that the determina-
for the stable case, was used here to facilitate visualization C{Ton of the CV restitution curve is not as straightforward for
the trajectories.In categorizing spiral wave breakup mecha- e \yave hack as it is for the wave front. While the front
nisms, we distinguish between two types of breakup within,.eshonds to the steep, rapid upstréé the order of 1
this regime of steep APD restitution, one occurring céog)sle 9ng), the wave back experiences a much more gradual change
the tip and within the first few rotations of the_spﬁéﬁ ' in voltage(on the order of tens or hundreds of milliseconds
and another occurring farther from the tip and in some case$pqrefore the wave back can become distGhe%° as it

.. . . 95'97 i)
requiring many oscillations to develdp™®’In both cases, oues due to increased sensitivity to electrotonic effects,

if the spiral period(or, for meandering tip trajectories, the \hich makes characterization of its velocity more difficult.
period imposed by the spiral tip throughout the tigsise

outside the region of the APD restitution curve with slope
greater than one, restitution-induced breakup does not occur
(as in the case of the MBR modgf

about 43 ms.

1. Mechanism 1: Steep APD restution with breakup
close to the tip

Courtemanche showed using a delay equdfiahat

when the slope of the restitution curve is greater than one,
abrupt changes in pulse duration affect the relationship be-
tween recovery and excitation, thereby modifying the speed
of the wave back or “recovery front.” In other words, the
steepness of the restitution curve decreases the speed of the
wave back in the presence of recovery gradients, so that the
steeper the restitution curve in a given region of Dls, the
slower the velocity of the wave back in that region. Once the
Dl is in the region where the APD restitution slope is greaterFIG. 6. Slow recovery front in the BR model in 1D. Theaxis represents

i ; +the position along the 3.3 cm-long cable and yhaxis the voltage { 90 to
than one, the front and back velocities begm to separate, Wlt!Ll?O mV). Framega)—(e) show a wave induced at the left end of the cable at

the velocny of the back SlOW'ng conS|derany Compared toa DI of 60 ms. The front moved at a speed of 18.5 cm/s while the wave back
the velocity of the front(see Figs. 5 and)6 Therefore, the  moved at 11 cm/s, which made the shape of the APD change in time. Frame
wave back under these conditions propagates more slowl§) shows a superposition of wave profiles 5 ms apart to highlight the dif-
than the wave front, resulting in what Courtemanche called'é"t speeds of the front and back. Frantgs() show a newly initiated

! . " wave front interacting with the back of the previous wave. Because the front
slow recovery front¢SRF9. The divergence of velocities of ygved faster than the slow back of the previous wave, it was blocked and
the wave front and the wave back in the region where theailed to propagate as it reached the minimum DI.

R
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An example of how electrotonic effects can alter the CVcompleted, no spirals exist with more than one rotation.
restitution of the wave back can be seen in Fig. 5, where the  An example of the evolution of wave break close to the
short-dashed curve was calculated using a shorter cable thapiral tip due to scalloping is shown in Fig. 7. After the
the one used to obtain the long-dashed curve, so that strorfgrmation of a scallop close to the tip of the spiral wadeag
electrotonic effects with the boundaries are introduced. Not¢he spiral encountered refractory tissue and propagated along
that the restitution of the wave front remains unaffected. the existing wave back until it had enough excitable tissue
An example of propagating waves with SRFs and furthevailable to turn(b)—(c). By this time a second scallop had
development of conduction block in a one-dimensional cabléormed closer to the tip. As the spiral continued to rotate
can be seen in Fig. 6. In this case, waves were generatéd)—(g), it turned back toward the location of the second
using the BR model at pacing cycle lengths in the regionscallop and finally collided with ith)—(i), pinching off a
where the APD restitution curve is steégope greater than new front that formed two counterrotating spirdj$—(k).
one. Therefore the velocity of the wave badkecovery The right spiral was unable to turn, as it continued to en-
front) became slower than that of the wave front. Panelsounter refractory tissue, but the left spiral turned and propa-
(a)—(e) show a pulse introduced at the left edge of the cablegjated toward the scallop on the original broken fréht
60 ms after a previous wave already had passed through thighere it again encountered refractory tissue and broké
cable(i.e., a DI of 60 mg Because the slope of the APD shown).
restitution curve at this small DI was greater than one, the Panels(m)—(n) show complex states that emerge as the
wave front of the second pulse moved faster than its backsystem continued to evolve through wave breaks. Ultimately,
producing a slow recovery froSRP and a concomitant however, the breakup was transient, as all wave fronts moved
change in the wave shape. Figur@ &hows the wave fronts Off the tissue and left behind only wave badkast frame.
at different times of this pulse superimposed so that it isThis transience is not uncommon, and in fact the breakup
easier to observe that the front moved faster than the backesulting from this mechanism often is not sustained due to
When a SRF exists, there is a minimum permn of pac- the Iarge variation in Wavelengths that eventua"y can leave
ing in a one-dimensional cable below which it is impossibleN0 quiescent areas to support continued propag&tiths
to produce a train of waves because the SRF has not movdfe tissue size is increased, the system can support breakup
enough and effectively blocks the following wave. This is for longer periods of time®
shown in panelgg)—(1), where the back of a previous wave  Breakup close to the tip produced by SRFs leading to
moved slowly enough to block propagation of the following scalloping can occur in models with steep APD restitution
excitation. In Fig. 6, the period of excitation &=75ms,  Curves for spirals with periods in the slope greater than one
much less than the minimum peridd,,~296 ms, thus re- regime. Examples of such models are the Beeler—Reuter
sulting in conduction block. Note that even though the periodndel, as described in Refs. 34, 87, and 89; the four-variable
was short, it was still above the minimum period correspondNoble mOdellel as seen in Refs. 87, 91, and 102; and the
ing to DI, since it was able to produce an excitation, but'—uc’__RUdy—i model with altered parameter settings, such
the wave was blocked toward the center of the tissue due 88 In Ref. 104, where the maximum conductances of the
the SRF. calcium current and the time-dependent potassium current
Although steep APD restitution produces oscillations ofveéré changed.
APD even in a single cell or cable, the effects of the oscil-
lations can become more complex in 2D and 3D systems?. Mechanism 2: Steep APD restitution with breakup
where the APDs vary throughout the tissue as fronts propa@r from the tip
gate. For large Dls, the front and back velocities of a wave  For APD restitution curves having a region with slope
are the same. However, once the DI is in the regime whergreater than one, a range of periods can exist for which stable
the APD restitution slope is greater than one, the front anascillations of APD can be sustained before conduction
back velocities begin to separate, with the back slowing conblock is produced. The range of periods depends on the
siderably compared to the front. steepness of the APD curve, i.e., the width of the range of
The divergence of the velocities of the front and back isDIs for which the slope of the restitution curve is greater
manifested in 2D by the appearance of scalloping along théhan one, and on how large the oscillations can become be-
wave back, as shown in Fig. 7. The scallop does not occur dbre reaching a DI smaller than R}, which produces con-
the tip itself due to the high curvature, slower velocity, andduction block. For example, in the 3V-SIM using parameter
smaller difference between front and back velocities thereset 3, corresponding to the BR modElg. 4), this region is
However, the scallop forms relatively close to the tip, typi- very narrow(for periods between 285 and 315 ¢’ in
cally within the first rotation of the spiral, because of the comparison to the region shown in Fig. 8, where parameter
short DI produced as the wave quickly rotates. The longeset 4(see the Appendix for parametgrmgas used to produce
APD and slower wave back of the scallop delay the recovera restitution curve with a slower rate of change while still
of the tissue’s excitability. When the spiral turns and tries toretaining a period of slope greater than one for Dls
invade the region of the scallop, it encounters refractory tis~= <110 ms(the region of periods with slope greater than
sue, which causes conduction block and wave break. Thene having stable alternans is about 80 ms, between 180 and
break generally occurs within the first rotation of the spiral260 ms, as shown in Fig. 11
because the block tends to occur soon after the spiral turns. While the cobweb diagram of Fig. 8 reflects only the
In addition, since the waves break before one rotation iglynamics of a single cell, it has been shown in spatially
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FIG. 7. (Color) Evolution of breakup close to the tip due to steep APD restitution using parameter set 3 irkd 2&%m domain. Wave fronts were blocked
by refractory regions due to scallops that had formed along wave backs because of the divergence of the front and back conduction velocitigstheltimate
breakup was transient. The numerical parameterand At were set to 0.025 cm and 0.25 ms, respectively.

extended systems that APD oscillations can vary throughouo initial conditions® or conduction velocity restitutiorf:1%

the tissue. When the entire medium exhibits the same longzoncordant APD alternan€A) can further develop into dis-

short pattern in APOa long APD produced on one beat and cordant APD alternanéDA), which occurs when some part

a short APD produced on the next beat, with the patterrof a medium oscillates long—short, while another area oscil-

repeating, the alternans is called concordant. However, dudates short—long. That is, on a given beat, there is a gradient
of APD from long to short as the wave propagates through

250 . . . the medium, and on the subsequent beat, the gradient is re-
S versed and becomes short to long. In this case, the APD
200 b N, produced at one site varies along the tissue and the alternans
N ' is out of phase. Both CA and DA are known to occur in
FRET S ERN R . cardiac tissue and have been observed in experiments when
§ - waves circulate along small paths or rings of tisSter,
< 1o O , , equivalently, when high-frequency stimulation is applied pe-
NN vy riodically to linear strands of cardiac tisstieor isolated
% hearts'%"1%Clinically, beat-to-beat oscillations of APD cor-
. . NN . relate to T-wave alternans in the ECG, which often has been
0 100 o (f:gec) 300 400 observed as a precursor to ventricular fibrillation and sudden

death'® Alternans can play a role in spiral wave breakup, as
FIG. 8. APD restitution curve with slope greater than one for a model withwe describe below following a discussion of how factors
a larger range of DIs in the slope greater than one regioe to reduced  g,ch as wave front curvature and CV restitution curve slope
steepness and decreasedmplcompared to the curve shown in Fig. 4, &ﬁect the development and evolution of alternans.

conduction block. The circle indicates the point on the curve where the slope ~ Panels(a)—(d) of Fig. 9 show the spatial distribution of

is one, with a period of about 260 ms (BL10 ms, APD=150 ms). Peri- ~ APDs during discordant alternans produced in a 1D cable
ods below 260 ms display alternans; two examples with periods of 240 M$vhen pacmg ata cycle Iength of 230 ms usmg parameter set

and 205 ms are shown. The dashed lines indicate the period of constant
stimulation as the- andy-intercepts and the rectangular regions illustrate 2 The APDs of all points along the cable on dester) beats

the two alternating APD solutions. The inset shows the AP alternation reare shown as a soli(ashed black line, and the lines rep-
sulting from periodic stimulation at 205 ms. Note that while the activationsresent the steady state reached after prolonged pacing. Be-
were produced at a constant period, the APD alternated between 180 and Meen every two out- of- phase reglons is a node, where the

ms and therefore the DI alternated between 25 and 153 ms. Note that th
range of DIs that give stable alternans here is much larger than in Fig. 8. PD does not oscillate on successive beats but remains the

Parameter set 4 is used. See the text for further details. same. Previous) we demonstrated that along with cycle
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node, even though a node can occur in a longer tissue at a

E. /-f” location within the length of the short tisseftFor example,

. compare panel&) and(b) in Fig. 9, where electrotonic ef-
fects in the short tissue produce CA whereas DA is produced

E - in a longer cable. More dramatic examples can be observed

g depending on the electrotonic effects of the model.

= o Gl www Wave front curvature also can affect the position and

distribution of nodes. Comtois and Vi&t showed that

EE’ loading effects due to curvature in an activation wave can
< increase its duration substantiallgnore than 40% in their
= 0 simulations using the BR modebut only at very high cur-
E - vatures corresponding to circles of radius 0.25—1 mm, which
S can be close to the critical radius of propagatfoand thus

difficult to capture in a restitution protocol of extended sys-
tems. Our numerical simulations show less than 5% differ-
ence in APD restitution curves when using planar versus
curved wave fronts. A more important effect of curvature on
Cable length (cm) wave front propagation is the decrease in conduction veloc-

. _ _ ity as a function of curvatufé® (see the eikonal
FIG. 9. (Color) (a)—(d) Discordant alternans in a 1D cable withdbtack) tion.5514 This additi | iati . locity ch
and with(red) curvature. The steady state spatial distributions of APDs overSaua ion. IS addiuonal variation in velocity changes

a cable for ever(dashed ling and odd(solid line) beats at a basic cycle the position of the nodes, as shown in par(e)s-(d) in Fig.
length of 230 ms are shown for four different cable si@85, 12.5, 20,and 9, where the APD distribution for curved fronts is displayed

30 cm (Ax=0.025 cm,At=0.1ms). Pacing site is at the left edge. Note i req jn a 1D cable reduction of a target wave simulation in

how curvature shifts the node locations closer to the pacing(sit@istri- . . . . .
bution of nodes in a cable without curvature as a function of CV restitution,Wh"'-:h the distance from the pacing S'¢mft edge is the

while keeping the APD restitution unaltered. Black shows the original dis-radius.
tri_bution from (d), green _sh(_)ws a more packec_i distribution of nodes ob- Although longer lengths often can support more nodes,
tained when the CV re;tltptlon varies over a wider range of Dls, and bluetpiS is not always the case. At high frequencies, the shorter
shows a less packed distribution from a flatter CV restitution. Parameter se . .
4 was used(f) CV restitution curves corresponding to the plotgén where ~ APD can be blocked as a node is being formed because the
the parameter values were varied from set 4 by changjngrom 15.6 to 5 oscillations can become so large that the wave no longer can
(blue) and 80(green. propagate. Where the short APD becomes blocked, only the
fronts corresponding to the long impulses far from the stimu-
lation point and produced every other beat are sustained, and
length, tissue size affects how many regions of opposite althe alternans progress to what is known as 2:1 block far from
ternans phase can exist: for a given frequency, the longer thbe stimulation site. Figure 10 shows how conduction block
tissue, the larger the number of nodes. The positions andan form at a given frequendhere, T=212 ms) as the cable
number of nodes depend on the APD and CV restitutiodength is increased, with longer cables developing block
curves® as well as on electrotonic effe¢té!'! and tissue  sooner(if block is generated at allOnly CA is present for
heterogeneitie® Panelge)—(f) of Fig. 9 show, for example, the 6.25 cm cable, while DA develops in the 12.5 cm cable,
the effect of CV restitution on the node distribution, which and conduction block occurs in cables 20 and 30 cm long.
can be analyzed by varying the parametgrin the 3V-SIM ~ The conduction block forms sooner in the 30 cm long cable
to obtain different slopes for the CV restitution cuffeFig-  and takes longer to develop in the 20 cm cable. In both cases,
ure 9f) shows in black the CV restitution curve obtained the block is produced far from the stimulation site, as shown
with the original parameter set 4, while blue and green indiexperimentally” Although we have shown that, CV restitu-
cate the curves obtained by settifg from 15.6 to 5 and 80, tion aside, electrotonic effects play a role in the development
respectively. Figure @) shows that when the CV restitution of the block, further analysis is needed in order to quantify
varies over a wider range of DlIs, the node positions occuits onset. We should note that the cable sizes used in these
closer to the stimulus site, as demonstrated previously usingxamples are unphysiologically large, since the model pa-
iterative maps? and the width of the alternans regions de- rameters were tuned to facilitate explanation. Nevertheless,
creases, allowing more nodes to be formebserve three the dynamics is generic, as the distribution and position of
nodes, just about three nodes, and only two nodes appear asdes as well as the range of periods that support alternans
the CV restitution is flattengd depend on the APD and CV restitution curves and electro-
It is important to mention that nodes are not always statonic effects?®1
tionary. In some cases they can migrate to the pacing The relationship between cable length, number of nodes,
site®" M and as they disappear new nodes are formed at thand frequency of stimulation for a given model can be ob-
other end[the two-variable Karma mod&lis a numerical served in a parameter space diagrdrt® Figure 11 shows
model that exhibits the migration of nodes with its original the different node regimes for the 3V-SIM fitted to parameter
parameter settingsAlthough the behavior in shorter cables set 4. The diagram on the left-hand-side corresponds to plane
is similar to a truncated version in longer cables, there can beaves and the one on the right-hand-side to 1D reductions of
differences. For instance, a short tissue may not contain &rget wave patterns where curvature effects are included. At
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FIG. 10. Size-induced conduction block in a cable with discordant alternans

using parameter set 4. The steady state is shown for alternate beats as solid ) ) ) ) )
lines. Previous beats, before steady state is reached, are shown as das ﬁ _11' |_3ehav_|or of cables of dlfferent Iengt_hs an_d stimulation pe_nods.
and thinner lines in the longer cables. Although one node forms in a cable oT € first figure illustrates the locations of regimes in a 1D cable without

length 12.5 cm, the longer cables do not support multiple nodes becaudairvature, while the second includes curvature effects. Above the top hori-

conduction block occurs. Note that only one wave every two beats propagontal line at 260 ms, stable, nonoscillatory behavior is observed. In the dark

gates along the whole cable, leading to what is called 2:1 block. The cablg'@Y 'egime at the bottom, conduction block occurs. In between are regimes
lengths are the same as in Fig. 9, but the period of stimulation is 212 mgf concordant glternanemhlte) and dlscordgnt alternans with oright
instead of 230 ms. gray), two (medium-light gray, and thregmedium gray nodes. For shorter

cables, alternans is concordant, while at longer lengths only discordant al-
ternans is observed, with the number of nodes increasing with size. The

L figures are similar with and without curvature effects, with curvature mainly

long cycle lengths T>~260 ms), only stable nonoscillating changing the regimes by inducing block for larger cycle lengths in short

solutions are obtained, while at short cycle lengths, conducsables. Longer cables than shown here would include additional DA regions
tion block (dark gray occurs in much the same way as in With more nodes. We note that these plots indicate only the presence of
. . . . alternans and not the magnitude, which in general increases as the period
Fig. 4. Alternans solutions lie between these two regimeSyq  ecases. Parameter set 4 was used.
For a given pacing cycle lengtftonstant stimulation fre-
quency, CA (white below 260 mp occurs only in short
cables, while DA(three shades of gray indicating the pro- maining stable in a smaller domainFigure 12 illustrates
gression from one to two to three nodes as the color dajkensiow DA can lead to the breakup of a spiral wave. Parameter
only appears in cables greater than a minimum length, witlset 4, used throughout this section, was designed to produce
multiple nodes emerging as the cable length increds¥s. spiral waves with circular tip trajectories and an APD resti-
Note that any number of nodes can be present before cordtion curve with slope greater than one over a broad range
duction block is formed. It is important to note, as mentionedof DIs to allow a large region for alternans. Varying the size
earlier, that the different region sizes and distributions showrf the circular core can change the period of rotation and can
in Fig. 11 are a function of both the APD and the CV resti-allow the transition from stable waves to alternans and fi-
tution curves. The wider the range of DIs where the slope ohally to conduction blocks. The tissue size isX32.5 cm
the APD restitution is greater than one, the larger the regioitas mentioned earlier, the size is unphysiologically large, but
for alternans. Similarly, the wider the range of DIs where thethe purpose here is simply explanatpryhe first panel of
CV restitution varies, the more densely packed are the noddsg. 12 shows a spiral wave with a period of 265 mg (
in space see Figs. @&)—9(f)]. Curvature effects do not alter =0.415), which remains stable since the period is above the
the transitions between regions substantially, with the prelargest alternans period of 260 rfeee Fig. 11 As the ex-
dominant effect being an increase of the 2:1 block region foritability is slowly increased by settingy to 0.41, the spiral
curved fronts at smaller periods. Far from the pacing site thevave period decreases to 220 ms and the resulting APD o0s-
distribution for plane waves and circular waves coincide agillations develop into discordant alternans. Early oscilla-
the curvature of the circular waves decreases. tions (b) grow in magnitude until the difference in the long
Because of the spatial heterogeneity generated in APRnd short APDs is gredt), with one APD much longer than
and the eventual possibility of 2:1 conduction block, DA canthe next. After two more rotation&), conduction block is
lead to wave breaks and further generation of reentiggit  almost formed far from the tigstimulation sit¢ as in Fig.
ral) waves when present in two and three dimensions, as hd$), and two rotations lateie) conduction block and spiral
been shown numericafly®>1%and experimentall{’’ Since  breakup occurs. Pane{s)—(g) show consecutive snapshots
a spiral wave acts as a source of periodically paced wavesf the wave break as it forms. Once initiated, the breakup
breakup can occur if its period of rotation falls within the process continueéh)—(j), but the core and the three inner
alternans region. Figure 11 shows that this breakup is a funaetations of the spiral remain unaffected.
tion of both period and tissue size. Therefore, we emphasize The location of the initial wave break relative to the
that depending on its period, a spiral wave can be unstablgpiral core can be changed by further decreasing the period
and break into multiple waves in a large domain while re-of rotation(equivalent to the stimulation period, as shown in
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Fig. 11). Panels(k)—(I) of Fig. 12 show breakup occurring

closer to the core, with only the first two spiral rotations

remaining intact, as the period is further decreased by slowly

increasing excitability £;=0.407). An additional decrease
in period (r4=0.405) leaves only one rotation intagh)—

A B
. (n), and finally at a period of 160 mg{=0.4) no full rota-
tions remain(o)—(p), with breakup pervading the entire me-
dium and only a small spiral wave circulating around a small
: core that eventually disappears by colliding with another
C D wave. Similar behavior has been shown in the two-variable
E

Karma modelsee Fig. &) in Ref. 35.

Spiral wave breakup far from the tip due to discordant
alternans can occur in any model having a steep APD resti-
tution curve and a spiral period in the slope greater than one
regime, provided that the spiral tip follows a circular or low
meander trajectory, or perhaps if it is pinned to a scar or
inhomogeneity that causes the period of rotation to lie in the
steep region. Models that can break in this manner include
the Karma modef® the 1962 Noble modéf* and the Ba
model as in Ref. 116. Discordant-alternans-induced breakup
also has been observed experimentally in rapidly paced tis-
sue preparation¥:}°® Recently, stable spiral waves sur-
rounded by multiple breaking waves as in parnls-(n) of
Fig. 12 have been shown to occur experimentally and in
simulationst! however, their occurrence in that case was at-
tributed to different densities in the background current be-
tween the right and left ventricle. Nevertheless, it is interest-
ing to note that such patterns can be obtained in homogenous
tissue. It is important to mention that even when the slope of
the APD restitution curve is greater than one over a wide
range of Dls(as discussed in this sectipran abrupt change
in DI can lead to a large change in APD and breakup as in
mechanism 1 can occur.

3. APD restitution curve with one region of slope
greater than one and two regions of slope less
than one

An interesting special case of the steep APD restitution
curve slope mechanisms can occur when two regions with

FIG. 12. (Colo} Discord | duced breakun far | e tin slope less than one are present on either side of the steep part
. 12. (Color) Discordant alternans-induced breakup far from the tip in a . . : :

30X 12.5 cm domain using parameter set 4. Paaeshows the steady state of the curve. PhySIO.IOQICE_illy, a.second rgglon with Slope less
of a stable spiral wave with a period of 265 ms. After decreasing the periodN@n one can occur in lonic action potential mOdeI_S where the
to 220 ms by slightly increasing the excitability=0.41), as can be seen currents responsible for the AP plate@mostly calcium do

by the change in core size, APD oscillations developed and grew over sevnot activate fully at very short DIs. These alterations in cell
eral seconds. Pane(b) and(c) show the dynamics 2.652 and 3.516 s after . . . -

the parameter change. When a short APD following a long APD could notr(i_ynar‘nICS lead_ to act|or_1 poteptlals with very small plateaus at
continue to propagate, it broke, as in Fig.[16), (e), (f), and(g) correspond .Igh frequencies of stimulation. Therefore, the APDs vary
to 3.948, 4.380, 4.392, and 4.44D Additional breakup occurred, but only little at the shortest DIs and can produce a second region in
far from the spiral tip, while the tip itself and the three innermost spiral the restitution curve with slope less than one. The 1962

rotations remained protected, as(im, (i), and(j) (7.092, 7.668, and 16.675 01 e e . )
s). After changingry further to 0.407, the period of rotation was shortened Noble mOde]I for Purklnje fibers exempllﬁes this phenom

and the distance beyond which wave break occurred was moved progre€&NON. The slope of its APD restitution curve is less than one

sively closer to the tip of the spiral, leaving only two rotations inféktand ~ for periods greater than 256 ms and for periods less than 123

o, 9.436hand 1_1.§E;G]Shlncreasirr]19 theI excitabil_ityl againr{=0.405) ?f- s with a region of slope greater than one at periods be-

creased the period further, so that only one spiral rotation remained unbrq- .

ken[(m) and(r;), 13.056 and 14.256]sA)f/inaI de(F:)rease of the period to 160 I}Ween 123 and 256 rﬁg'l,t IS important t,o note that the ,1962

ms (r4=0.4) left less than one full spiral rotation intact, and eventually the NOble model does not include a calcium current in its for-

entire medium was filled with broken wavi®) and(p), 15.456 and 17.256 mulation, since the calcium current was not discovered until

S]. Note that framegk)—(p) continue the time series but were created by a few years |ater, and instead one of its potassium currents is

E"Odifying parameteréspiral period. Without these modifications tey, the responsible for the plateau. Another model showing two re-
reakup remains restricted to a certain region of the tissue far from the spiral . .

tip (source, as shown in Figs. 10 and 11. Simulations were performed usinddioONs Wwith slope less than one, which was developed more

Ax=0.025 cm and\t=0.1 ms. recently and includes a greater number of ionic currents, is
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FIG. 14. CV restitution curves for the wave fraisblid line) and wave back
FIG. 13. APD vs cycle length (APBDI) for the 3V-SIM using parameter  (dashed lingcorresponding to the APD restitution curve with two regions of
set 5, which produces two regions with APD restitution curve slope less thaglope less than ongarameter set)5While the front and back velocities
one and consequently two Hopf bifurcations, one at 375 ms and the other aitially diverge as the DI is decreased, the difference in velocities decreases
150 ms. The small figures on top show the voltage as a function of time fols the second region with slope less than one is approached. Therefore,
the four cycle lengths indicated by the squaffesm left to right, 125, 188,  stable pulses can occur at short as well as long Dls, as shown in the top
276, and 485 ms Stable behavior is observed for the smallest and largesteft-hand inset of Fig. 13.
cycle lengths, while APD alternans occurs for the intermediate cycle

lengths. The gray area indicates periods for which conduction block occurs . .
in a 1D ring. The 1:1 solution branddashed lingexists in this region but ~ Plex spatiotemporal dynamitsin the same way as observed

is unstable. in the Noble modét%? and similarly to Fig. 7. In(b), a
stable spiral wave was achieved also from a broken pulse but
following a train of impulses at short intervals so that the

the canine model by Fost al*' In that model, the slope is spiral never reached the periods between 150 and 375 ms

greater than one for periods between 145 and 210 ms and ikat can lead to conduction block and breakup. The spiral
less than one for all other periods, down to a minimum ofactually was initiated in a smaller tissi® prevent breakup
about 85 ms. that would result from the presence of long Dls far from the
Using parameter set 5, the 3V-SIM produces an APDinitiating broken pulsg following which the size was in-
restitution curve with two regions having slope less than onegreased gradually until reaching the same size as in ganel

for periods greater than 375 ms and for periods less than 15Dwvo aspects of these spiral wave dynamics are noteworthy.

ms. Figure 13 shows the maximum and minimum APD osirst, at short periods two solutions are possible depending

cillations as a function of cycle length obtained by simulat-on initial conditions and tissue size, either a stable spiral
ing propagating waves in 1D rings of various siZé&or  wave in a small tissue after preconditioning pulses at small
periods of stimulation greater than 375 ms and below 15@eriods or spiral breakup and complex spatiotemporal dy-
ms, it is possible to obtain stable nonoscillating wat®e namics with no preconditioning or in a larger domain, due to
top right and left plots while for periods in between, oscil- the presence of long Dls in the tissue. Second, a stable spiral
lations of APD (see top two center plogtcan be obtained wave formed at a short period will remain stable in any tis-
along with a region of conduction block, shown in gray, sue size, unlike mechanism 2 where spiral waves may desta-
where no propagation is possible on a ring. The dotted line imilize and break in a large enough tissue. However, if the
the alternans regime denotes the unstable steady state branpbriod of a spiral is slowly increased, even a stable spiral will
which can be obtained using a control algorithfiBecause experience breakup as in mechanism 2 when the period be-
of the second region with slope less than one, the conductiocomes larger than that corresponding to the Hopf bifurcation
velocities of the wave front and back not only diverge, as(approximately 150 ms for this modePanelgc)—(f) in Fig.
described earlier, but also merge back together at short DI45 show the evolution of the stable spiral wave in pabgl

as shown in Fig. 14, where the inset indicates the differencas the period is increased from 75 ms to about 18(bys

in the front and back velocities as a function of DI. slowly changingry from 0.3547 to 0.359c), 0.37 (d) and

Under these conditions, a stable spiral wave can be suginally to 0.382 in(e)]. In (e) the period is about 180 ms
ported if its period of rotation is large and falls in the region (greater than the period for the first Hopf bifurcation
where the APD restitution curve has slope less than one;150 ms), at which point discordant alternans begins to de-
while breakup will occur if the period lies in the region with velop, as shown in the center of the figure where the wave-
slope greater than one, since there can be SRFs or DA, as liength changes abruptly. It is important to recognize that this

breakup mechanisms 1 and 2. However, if the period is smalk not a slow recovery front or scallop, as in mechanism 1,

and falls in the second region with slope less than one, thehut is in fact a node separating the long APD region from the

the solution can be either a stable spiral wave or breakugshort. The oscillations eventually grow and lead to breakup
depending on the initial conditiorfs. and multiple spiralqf), following mechanism 2. Note that

Panels(a) and (b) in Fig. 15 show the two possible so- the density of waves is different betweé and (f), due to
lutions obtained when the period of rotation is 75 ms, usinghe different sizes of their tip trajectories. A denser set of
parameter set 5 withrq=0.355. In(a), a spiral wave was waves can be obtained at higher excitabilifig@maller values
initiated from a broken pul§2 propagating into quiescent of 7,) as the tip trajectories become epicycloidal and hypo-
tissue. As the spiral rotated, SRFs led to breakup and coneycloidal (not shown.
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FIG. 16. Bistability and hysteresis of APDa) The solid and dashed lines
FIG. 15. (Color) Range of possible dynamics of the 3V-SIM using param- show the 1:1 and 2:1 branches, respectively. The width of the region of

eter set 5, which leads to an APD restitution curve that has two regions witfperiods that can access two stable solutions is about 70 ms in this(loase.
slope less than one\=0.025 cm,At=0.25 ms). Panel&) and (b) show \oltage traces obtained at two different sites from the simulation shown in
two different dynamics, spiral wave breakup and a stable spiral wavelig. 17. Close to the corégsolid line), every rotation of the spiral was
obtained with the same parameters but using different initial conditionsPropagated, but farther awagdashed ling every other impulse was
(c)—(d) The spiral wave from pandb) remained stable as the period was blocked, resulting in 2:1 conduction. The 2:1 trace was shifted in time so
increased(e)—(f) When the period is increased to about 180 ms, the spiralthat the upstrokes of the 2:1 trace coincide with the upstrokes in the 1:1
wave becomes unstable, and breakup from discordant alternans leads tfgce to facilitate visualization and comparison of the resulting APDs. Note
various spiral waves. Tissue size isX.00 cm. that the APD was sufficiently long in the 2:1 region to prevent propagation

of every other impulse. Parameter set 6 was used, w;ith0.115 in(a).

B. Mechanism 3: Bistability, hysteresis, and 2:1 block

T is fixed, the following APD can be obtained from the APD
Bistability in cardiac tissue is a phenomenon where arestitution curveinsed using a DI given by D}, +T. Since

given frequency of stimulation results in one of two possiblethis DI is large, the resulting APD also is large. As the cycle
APDs, depending on the initial conditions. The shorter APDlength is decreased further, the APDs for the 2:1 response
is obtained naturally when pacing at a constant frequencypranch can be obtained, as shown in Fig. 16 as a dashed line.
with every pacing beat producing an activatiohil re-  If the cycle length now is gradually increased abadvg,,
sponsg while the longer APD occurs when only one activa- the system remains on the 2:1 branch rather than dropping
tion is produced for every two pacing bed®1 response  immediately to the available 1:1 branch because the APD
This scenario can be visualized by plotting the APD as groduced is large and every other stimulus comes too early in
function of the pacing cycle lengtlperiod instead of the DI.  the refractory period to generate a response, thereby creating
Figure 16a) shows an example of this bistability in APD a region of bistability. The system shifts back to the 1:1
using parameter set 6, with the inset showing the normabranch only when the period of stimulation is larger than
APD restitution curve as a function of DI (RL=11ms, Dl.,+~APD from the 2:1 branch, again allowing an activa-
APD.,;,=61 ms, and thus the minimum peridod,;, is 72  tion to be produced once for every beat. The difference in
ms). Note that for clarity of exposition and to avoid confu- dynamics depending on whether the cycle length is being
sion among different mechanisms, parameter set 6 was d@&creased or decreased is an example of hysteresis, an effect
signed to produce bistability using an APD restitution curvefound in many nonlinear systems. Bistability and hysteresis
with slope less than one for all DIs. Nevertheless, bistabilityhave been observed in a variety of cardiac experimental
can occur with or without steep APD restitution and preparations including sheep Purkinje fibers and papillary
alternang®® musclest?° sheep atrid?! guinea pig ventricular celf? and
The main plot in Fig. 16 shows the 1:1 response branctirog*'® and rabbit?® ventricular tissue. The range of cycle

(solid line) as a function of the pacing cycle length. As the lengths in the hysteresis region depends partly on the slope
pacing cycle length is decreased gradually belgwy,, con-  of the restitution curve, but mostly on the size of the,RI
duction block occurs, so that only one activation is inducedand APD,;,, and has been shown experimentally to vary

for every two pacing beatshus jumping into the 2:1 branch, from several milliseconds to as long as hundreds of
shown by the dashed lineBecause the period of stimulation milliseconds'®
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FIG. 17. (Color) Spiral wave with 2:1 conduction block far from the tip. Tissue size is I8 2Bcm (Ax=0.025 cm,At=0.25 ms), and parameter set 6 is
used. Because the period of the spiral wave lies in the window of APD bistability, both 1:1 and 2:1 solutions exist. After spiral wave initiatiom fallow
plane wave propagating from left to right, sites near the tip conducted at the same frequency as the spiral. Farther from the tip, however, langezdls oc
before the first rotation of the newly created spiral arrived, resulting in longer APDs. When the subsequent spiral rotation arrived at thegesdiiant s
tissue had not yet recovered from the long APDs. As a result, conduction block occurred, and a 2:1 conduction pattern was initiated(bFiglo/46
voltage traces for a site in the 1:1 region and for another site in the 2:1 region. The frames shown are separated by approximately 21 ms.

L

In a spatially extended system, it is possible for someC. Mechanism 4: Bistability and Doppler shift by tip
regions of the tissue to experience 2:1 block while the rest ofrajectories
the tissue conducts every impulse. This situation can arise
when a target or spiral wave stimulus encounters a gradie
of recovery region(DIs) produced by a previous wavé!

In Sec. IV B, we showed for a given set of parameter
Values how a spiral with a very short rotation period can

. . . . ropagate every rotatiofil:1 branch close to the tip and
Figure 17 shows two rotations of a spiral wave induced by % bag y @ b P

. . ’~only every other rotatioi2:1 branch far from the tip. When
broken wave that demonstrate this effect. The spiral was ini; . ye_.eylot N Otatp'ﬁz branch fa 0 t gtp en
. . . . L bistability is present in a model, rotating spiral waves in
tiated at the top of the domain, and its period fell within theSome cases can access the same state dvnamically without
range of periods with both 1:1 and 2:1 solutions available y y

Near the tip of the spiral, the small DIs produced small APDS:EPe nefd of gri?vettlngidnltigllreczvgri/ %radler:]ts as in Fig. 1.7'
and waves of short wavelength, all of which propagated suc-tranj'éonst eD eeln ?ﬁt.' a{?] - Itar;c es can _ocdcur '3'
cessfully. However, slightly farther away from the spiral tip, stead due 1o Loppler shift In the spirals frequency induce

the tissue was quiescent longer before the first rotation of thBy meanqler n '.[hel ]Elp trgjectory. Essenpally, the rot?tmg'an.d
spiral arrived(@)—(b), producing larger Dis that resulted in Meandering spiral functions as a moving source of periodic

long APDs on the 2:1 solution branch and longer waveVaves. Because of the Doppler effect, the frequency is
lengths. The second rotation of the spiral then was blockefigner in the direction in which the spiral is moving. Figure
when it reached these sité9—(f). Therefore, away from the 18 shows an example of the Doppler effect produced by a
tip, only every other spiral rotation propagated successfullymoving spiral wave. The cycloidal tip trajectory causes the
The spiral continued to rotat@)—(i), and after the longer spiral rotations to pack together more closely in the direction
DIs occurred far from the tip, the next impulse propagatedn Which the spiral is movingto the lefy, resulting in a
successfully through the entire tiss{jie-(1). In this example, higher frequency along the left side of the tissue and a lower
the broken end of the wave did not generate a reentrarftequency along the right. This stable spiral with a cycloidal
wave, since the entire tissue surrounding the tip was in th&ajectory is obtained using the 3V-SIM with parameter set 6
region of 2:1 block and since the boundaries were close tbut with a slight increase in its excitabilityr4=0.365).

the spiral tip. Similar 2:1 conduction block during the rota- Similar Doppler shift behavior has been observed experi-
tion of a spiral wave has been demonstrated using a variatiomentally in cardiac preparatiols and in the Belousov—

of the Luo—Rudy—KLR-1) modef” and a cellular automata Zhabotinsky(BZ) reaction under an electric fietd®
model*?*We note that the CV restitution curve in this case is  In the case shown in Fig. 18, the smallest period pro-
relatively flat. As the restitution of the CV increadaseeper duced by the Doppler effect still is greater than the minimum
slope, the conduction velocity for small DIs near the tip period allowed for propagatiorithe period obtained at
decreases. Therefore, the spiral period can increase to a vallé,,;,), so that no conduction blocks occur and no transitions
that lies outside the bistable region, preventing the breakupo the 2:1 branch are present, resulting in a stébig non-
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loop (inward petal since the area in front of the tip now has
a large enough DI to allow the tip to propagate, but the shift
in frequency is enough to produce conduction block away
from the tip in the rotation and initiate reentry as shown in
panels(e)—(h). As the spiral is formedi(e)—(h)] and the tip
turns tightly (because of its short period of rotatiprthe
spiral encounters a DI smaller than | and is blocked.
However, the tip continues to propagate because it remains
; _ on the 1:1 branch even while adjacent parts of the wave have
A B jumped to the 2:1 brancfi). Eventually, as more tissue be-
_ _ _ . _ ~comes available for excitation, the two broken ends propa-
FIG. 18. (Color Stable spiral wave with cycloidal trajectory obtained using gate into areas with Ionger Dls that allow the resumption of
parameter set 6 withry=0.365. The wave fronts became more closely
packed on the left-hand side of the domain because the spiral was moving ih:1 conduction, now forming new spirals because they are
that direction. The Doppler shift in frequency also decreased the period ofible to propagat§). The newly generated spirals evolve and
waves to the left, resulting in the observed shorter wavelength. Tissue size Fiepeat the initial breakup process, as shown in the left lower
11.25¢11.25 cm withAx=0.025 cm andit=0.25 ms. corner of panel§ém)—(0). Because of the wide distribution of
refractory periods throughout the tissue, which can corre-
stationary spiral wave. However, certain trajectories can im-spond to either short or long APDs falling into the 1:1 or 2:1
pose larger Doppler shifts on the period and bring it belowregime, respectively, the dynamics become increasingly
the minimum period for propagation, which produces con-complicated as new wave breaks continue to form. However,
duction block. Figure 19 shows an example of these types dbr the first two beats after the break it is possible to obtain
conduction blocks occurring for a spiral wave following a the same type of voltage trace as in Fig(6for points
small circular or epicycloidal trajectory. Pané&s—(d) illus-  close to and far from the tip, indicating the presence of re-
trate the block of a wave tip that follows a tight spiral be- gions with 2:1 conduction. Note that unlike mechanisms 1
cause of a very small loofparameter set 6;3=0.38). How- and 2, there are no slow recovery fronts or alternans of APD
ever, for slightly larger loops#;= 0.385—0.39) the spiral tip since in this case the slope of the APD restitution curve is
succeeds in propagating each time the spiral makes an innaever greater than one, as shown in Fig(al6
formation of 2:1 block by Doppler shift in a tissue

A B C D

of size 11.2%11.25cm with Ax=0.025cm and
At=0.25 ms. Parameter set 6 is uséa—(d) A tight
spiral wave with a very small circular core{=0.38)
can encounter its own refractory wave back as it tries to
circulate, causing conduction block at the tip while an-
other portion of the wave continues the tip’s motion.
Panels are separated by 10 1t/so see Fig. 22 for the
linear core casg.(e)—(p) Reducing the excitability by

E (150 ms) (180 ms) G (190 ms) H (205 ms) changingr, to 0.388 enlarges the tip trajectory enough

m L to prevent block at the tip. The quick turning of the tip

produces a Doppler shift in frequency, resulting in 2:1
?iii'ma. iHiHm K (510 ms)

block and breakup as the spiral encounters a DI smaller

than DI, as it rotatege)—(h). Despite the 2:1 block,
M |]h“ ms) N (800 ms) A0 ms) P (1600 ms)

FIG. 19. (Color) Breakup of a spiral wave due to the

the original spiral tip finds enough recovered tissue
close to the core to sustain itséij. Once the original
spiral has made a full rotation and the 2:1 region is
excitable again, the two broken ends are able to propa-
gate and form new spiral§). The breakup process re-
peats itself, forming increasingly disorganized states

(K)—=(p).

L (625 ms)
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' q ' FIG. 20. (Color Breakup of a spiral wave whose tip
i |

followed a hypocycloidal trajectory using parameter set
— - P’ - 6 with 74=0.3. The Doppler shift induced by the me-
A (336 ms) B (345 ms) C (355 ms) D (393 ms) andering tip caused the period to fall below the mini-
b d i mum period for propagation, causing 2:1 block and
wave break@—(c). As the wave continued to meander,
regions with 2:1 conduction block continued to develop
(d)—(h). Tissue size is 11.2611.25cm with Ax
=0.025 cm and\t=0.25 ms.
‘ #
| 1
E (403 ms)

F (470 ms) G (518 ms) H (643 ms)

Breakup resulting from Doppler shift-induced 2:1 block at the spiral tip itself. Sharp turns in the tip trajectory can
also can be obtained in some of the hypocycloidal trajectobring the tip of the spiral wave below the minimum period
ries when the outer loops are able to produce a large freand halt its propagation, as shown previously in paf@ls
quency shift, as in the case obtained using=0.25-0.3.  (d) of Fig. 19 for small circular trajectories and as shown in
Figure 20 shows how a spiral wave in the hypocycloidalFig. 22 for linear cores. After the tip is blockedsacondary
regime breaks as the tip make an outer loop and the shift ivave of depolarization can evolve and continue the spiral’s
frequency is enough to produce conduction bldek—(d) rotation. Leonet al?’ previously observed this behavior us-
and multiple wave break®)—(h). The broken waves in Fig. ing a modified version of the BR model in an anisotropic
20 do not fill the domain as densely as those in Fig. 19domain. They referred to this phenomenon aseaondary
because of the difference in the sizes of the hypocycloidalvave of repolarizatiorinstead, because a pronounced repo-
trajectory and the small circular core of Fig. 19, which al- larization region formed between the stopped original tip and
lowed waves to break more often and to pack more closelghe newly formed one. In the example of Fig. 22, only the
together than in the present case. Because of the large trajarew wave is observed without the repolarization island due
tories in the hypocycloidal cases compared to the tissue sizé&y the very high excitability of the system and almost flat
the breakup was transient in many of the simulations as imestitution, so that we use the term secondary wave of depo-
the example of mechanism 1, lasting only a few secondsarization in this case. Leoat al'?” modified the BR model
before all spirals eventually extinguished from collisionsby increasing the sodium conductance and eliminating the
with other waves and with the boundaries. However, in thegate, thereby decreasing the minimum DI from 43 to 25 ms
circular core caséFig. 19, breakup was continuous during and increasing the minimum APD. Enhanced by the anisot-
the full 10 s simulated. ropy of the system, these changes created a window of bista-

Meandering trajectories are not the only types that carility that allowed the cessation of the tip’s motion due to
produce a Doppler shift in a spiral wave leading to breakupDoppler shift and the formation of a secondary wave of de-
In the linear core regime, where spiral waves follow longpolarization.
lines of block(for models with very flat restitutions, the lin- Doppler shift due to spiral wave drift has been observed
ear core size is approximately G).<APD/2)® with sharp  in cardiac preparations arising from either experimentally
turns, Doppler shift can cause 2:1 conduction blocks andnduced? or naturally occurring*?® electrophysiological
wave breaks. Figure 21 shows such an effect when the modbkterogeneity. In simulations, breakup by Doppler shift was
is brought into the linear core regime by settingto 0.115.  first observed and described by Bt al**'?° using a two-
The first frame(a) shows the spiral at the beginning of its dimensional simplified model for CO oxidation where
second rotation after initiation from a broken pulse. As thebreakup is produced by meander. However, in some cases
spiral tip makes a sharp tufth)—(c), the Doppler shift causes additional breakup in their model is produced blgakfiring
part of the wave to get too close to the adjacent spiral rotaeffect that allows new waves to be generated in the wake of
tion, so that it breaks as it falls below the minimum period previous ones, which makes characterization of the breakup
for propagatior(d)—(f), much as in panel@)—(h) of Fig. 19.  more complicated. The Luo—Rudy—I motfélalso exhibits
The two broken ends eventually recombi®—(j), but on  breakup by Doppler shift with calcium dynamics speeded up
the next rotation the conduction block is large enodglr- by a factor of between 2 and 2.8, as seen in Fig. 4 of Ref.
(m) to prevent the two waves from reconnecting, and twol30 and in Fig. 40 in Sec. VII. It is important to indicate that
new spirals are forme¢h). Eventually new spirals break in this breakup mechanism shown in different regimes corre-
the same way, resulting in turbulen@@—(p). Note that due sponding to various tip trajectories does not require steep
to the long linear core, the domain appears anisotropic, alAPD restitution. In fact, both the LR—I model with calcium
though it is not. speedup2—2.8 and the Bamodel have relatively flat res-

An interesting case arises when the Doppler shift occursitution curves, where the slope is always less than one. We
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FIG. 21. (Color) Breakup of a spiral wave following a
linear core due to the Doppler effect. As the spiral tip
turned sharply(@—(c), part of it moved too close to a
previously generated wave. The Doppler effect reduced
the period below the minimum period for propagation,
and wave break ensued)—(f). The break mendeth)—

(j), but when the break occurred again during the next
rotation (k)—(m) new spirals were formedh). As the
breakup evolved, the dynamics became increasingly
complex(0)—(p). Note that the linear core caused the
tissue to appear anisotropic, when in fact it was isotro-
pic. Parameter set 6 withy;=0.115 was used. Tissue
size was 8.&8.8cm with Ax=0.016 cm andAt
=0.18 ms.

N O P

note that for breakup by this mechanism to occur, a bistabilmaximum as DI decreases. ThdsphasicAPD restitutions

ity window and a tip trajectory that can reach conductionhave been shown to lead to complex dynamics in 1D At4ps
block by a Doppler shift in frequency are necessary. This isand to spatiotemporal chaos in 1D rings.However, the
most easily achieved for flat restitutions where the minimumprecise ionic mechanisms responsible for the supernormal

Dl is small and the minimum APD is large. phase still are not understood fully; furthermore, some ex-
_ _ _ o periments have shown that their existence may depend on the
D. Mechanism 5: Biphasic APD restitution curve protocol used to measure the restitution cue->6 Never-

So far only APD restitution curves that are monotoni- theless, we include a brief discussion for completeness.
cally decreasing functions of DI have been considered. How- Experiments have shown different possible shapes and
ever, some studié¥133have found APD restitution curves slopes for biphasic APD restitution curves. In addition, as
with a range of Dls for which the APD prolongs to a local mentioned previously, the physiological phenomena that pro-

N

FIG. 22. (Color) Secondary waves of depolarization
due to Doppler shift occurring at the spiral tip itself
using parameter set 7. The period at the tip fell below
the minimum necessary for propagation, causing the tip
to halt its motion(a). However, a second wave of de-
polarization developed(b)—(c), moved around the
stalled and now repolarizing original tifd)—(f), and
continued the motion of the tifg)—(h). Tissue size was
4X4 cm with Ax=0.016 cm and\t=0.18 ms.
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160 — . . : duce the biphasic restitution curves observed experimentally
have not yet been identified. Therefore in the context of the
3V-SIM, we obtain a biphasic restitution curve by adding an
extra current that deactivates at short [dee the Appendix
' , and paramater se).8We note that our intent here is only to
Zg':(ms;‘)’” 800 replicate the mesoscopic restitution characteristics observed
in experiments and not to reproduce the ionic basis. The
\ ] shape of the restitution presented here is based on those ob-
0 ! 1 tained in rabbit ventricle preparatioh®; however, biphasic
20 | \ ] restitutions also have been measured in huméhs.
' ‘ When the supernormal part of the restitution curve has a
0 200 400 600 region with slope greater than one in magnitude, the complex
Dl (msec) dynamic$®***naturally would lead to spiral breakup in 2D,
160 s - ' as shown for nega_ltively slpped restitution curves with slope
\ \ greater than one in magnitud®. However, even when the
140 ¢ | 1 magnitude of the restitution curve never exceeds one, the
120 ¢ biphasic shape of the restitution curve can produce small
variations in recoveryi.e., values of DIy that can lead to
conduction block, as shown in Fig. 23.

In 2D, the conduction block generated by the biphasic
portion of the APD restitution curve at certain DIs can cause
spiral wave breakup. Figure 24 shows an example of how
breakup can develop under these conditions. An initially uni-
form spiral (a) develops a thicker wavelength as it turns and
finds smaller DIgb) and eventually breaks as a result of 2:1

DI (msec) block (c)—(d), as described in Fig. 23. The local maximum in
APD due to the biphasic restitution can lead to different
wavelengths, large depressions in the wave back, and subse-
FIG. 23. Oscillations due to a biphasic APD restitution curve. The shape oflU€Nnt occurrences of 2:1 blo¢g)—(1).
the restitution curve was based on observed restitution curves obtained from
rabbit ventricular preparation®ef. 131. Even when the slope of the res-

titution curve never exceeds one in magnitydee the ins¢t conduction
block can form and lead to breaku@ For a period of 200 ms, a stable
fixed point can be obtained even when using an initial condition with a large Like the APD restitution curve, the conduction velocity
DI. (b) For the shorter period of 190 ntdashed line shows the period and L . .

twice the periog] two different initial conditions can result in either a stable restitution curve also has been found in some experiments
solution(solid line) or in 2:1 block(dotted ling. Parameter set 8 was used. NOt to be a monotonically decreasing function. In the cardi-
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E. Mechanism 6: Supernormal conduction velocity

FIG. 24. (Color) Spiral wave breakup due to a biphasic
APD restitution curve using parameter set 8. Although
the spiral initiated uniformly(a), its wavelength in-
creased as it turned and encountered smaller (D)ls
Soon after, conduction block formed and caused
breakup(c)—(d). As the breakup evolvete)—(l), large
variations in wavelengths, wide depressions in the wave
back, and subsequent occurrences of 2:1 block oc-
curred. Tissue size is»5 cm with Ax=0.025 cm and
At=0.25ms.

204 ms)
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ology literature, such CV restitution curves are called super- &0
normal (rather than biphasjc Supernormal CV also can be A
expressed as supernormal excitability, which is commonly
represented as the dependence of excitation threshold on di-
astolic interval®® Experiments have demonstrated supernor-
mal conduction in the His—Purkinje systéi, papillary
muscles:*® and the outflow tract of the right ventrict?14
as well as in a related excitable system, the 1,4-
cyclohexanedione BZ reactidf?'*® Simulations using su-
pernormality have produced chaotic dynamics in 1D ni&ps w0l o - J
and spiral wave breakup in a modified FHN motfel- DI (msec)
though measurement protocols often are indirect and its ex-
istence in most regions of the heart is questiondtlaye
include supernormality as a possible arrhythmogenic mecha- 120
nism, as in the case of biphasic resitutions, mostly for com-
pleteness.

Supernormal conduction, if it exists in cardiac tissue,
may be arrhythmogenic by producing conduction blocks due

o
-1

CV (cm/sec)
8
N,

@
=3

-
o
(=]

APD (msec)

to rapidly moving waves that collide and stack together at o L Boap

small DIs, as shown in the BZ reactidtf The solid curve in ozf

Fig. 25a) shows an example of a supernormal CV restitution *0 w0 =0 300 a0
obtained using the 3V-SIM with parameter set 9, while the 60 ; - - D'("'sec)aéo =
dashed line illustrates a normal curve for compari@sing DI (msec)

7,,=15). Figure 2%b) shows the corresponding APD resti-

tution curve, whose slope never exceeds one. The rapidG. 25. CV(a) and APD(b) restitution curves for parameter set 9, which

waves generated by supernormality rush toward re|a.[iveh?roduces supernormal conduction velocity. _Solld I|ne§ mdpate the restitu-
. . . ion curves used with supernormal conduction velocity, while the dashed

sIow-movmg wave be}CkS and practically slam mto t_hemylines are associated with a more usual CV restitution cibyeusing pa-

breaking and generating new waves, as shown in Fig. 2Gameter set 9 but with,,=15). The slope of the APD restitution curve

The breaks tend to develop fairly near the spiral tip becauseever exceeds one, as shown in the insefbopf

the small DIs at the tip produce waves that conduct super-

normally. Scalloping also develops and leads to wave break,

but in this case the scallops form because the supernormghiies how a 2D plane with periodic boundary conditions on
conduction velocity generates heterogen_elt)_/ of refract_onthe left and right can be wrapped into a cylinder. Because
ness, rather than from the steep APD restitution mechanisny,,ch, 5 cylinder is constructed from periodic conditions on a
since the slope of the APD restitution curve never exceed§|ane and not from cylindrical coordinates in space, surface
one in this examplgsee Fig. 2&)]. In addition, because the ¢y ature effects are not included. Although experimental re-
Dlmin is very small in this case, some second waves of repog s from chemical spiral waves on spherical surfifes
Ianzaﬂpn as in Fig. 22 can occur once breakup has starte,ye shown that spiral tip dynamics are not affected by the
[see Figs. 2@) and 26d)]. To demonstrate that the breakup ¢ryature of the surface, curvature may induce breakup due
is due to the supernormality, we show in Fig(i26 stable loading effects in some situatioH€

spiral wave obtained using the same parameters but exclud- Tpe dynamics of a spiral wave on a cylinder depend on

ing supernormality(see the dashed lines in Fig.)25 the size of the tissue relative to the wavelength of the spiral.
If the perimeter of the cylinddii.e., the distance between the

V. MECHANISM OF SPIRAL WAVE BREAKUP IN edges with periodic boundary conditigris large compared

QUASI-3D to the spiral wave tip trajectory, the boundaries play no role

in the tip dynamics and the trajectory is the same for both
periodic and no-flux boundary conditions, as shown in panels
(a) and(b) of Fig. 28 using parameter sefdame spiral as in

To this point, only rectangular shapes with no-flux Fig. 1(e)]. However, the interaction between colliding fronts
boundary conditions have been used in all the simulationgcoming from both sides due to periodigitgroduces some
and no anatomical structure has been considered. Howeveggions with different patterns of refractoriness using peri-
periodicity is an important feature of cardiac structure andodic boundary conditions compared to no-flux. The disper-
can affect the stability of spiral waves. Using periodic sion of refractoriness changes as the perimeter is decreased
boundary conditions along two parallel edges of a 2D surfacéurther [Fig. 28c)], but the spiral wave trajectory remains
essentially forms a cylinder, which represents to a first deprotected and unperturbed until the perimeter becomes com-
gree a simplified geometry for some of the regions in theparable to the wavelength of the spifpanels(d)—(e) of Fig.
heart (such as the area between a valve rim and a bloo@8], at which point the spiral tip becomes perturbed by self-
vessel, or a ventricle and the sepjuwhile still retaining  generated incoming waves. In related previous work, Yerma-
the computational simplicity of a 2D plane. Figure 27 illus- kova et al1*’ studied the dynamics of spiral waves periodi-

Mechanism 7: Periodic boundary conditions with
hypermeandering tip trajectories
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A (507 ms) B (520 ms)

D (359 ms) E (936 ms)

G (1001 ms)

C (546 ms)

F (962 ms)

H (1027 ms)

FIG. 26. (Color) Breakup due to supernormal conduction velocity using
parameter set 9%a)—(d) Breakup occurred as the spiral sped toward the
wave back in several locations, including at the left, where the spiral caught
up to and collided with the previous wave back, and at the right of the
medium, where boundary effects also played a role. Additional wave breaks
occurred as the medium evolve@)—(f) The wave in the upper right sped
up and collided with the back of the previous wave, resulting in a wave
break.(g)—(h) As the wave in the upper right central portion of the domain
sped toward the scalloped back of another wave, it began to kig&table FIG. 28. (Color) Effects of periodic boundary conditions on domains of
hypermeandering spiral wave with no breakup obtained when the supernoglecreasing length using the 3V-SIM with parameter sé&1Tip trajectory
mal component of the CV restitution curve is excludedshed line in Fig.  and voltage image with no-flux boundary conditions imposed on all four
25(a)]. Tissue size is 8.888.85 cm withAx=0.022 cm and\t=0.2 ms. boundarieg(size 12.64 crx 6.32 cm). (b) Tip trajectory in a tissue of the
same size asa) using periodic boundary conditions at the left and right
edges and no-flux boundary conditions on the top and bottom(e) Tip
. trajectories using periodic boundary conditions in progressively shorter do-
cally perturbed with plane waves and showed that when theains(perimeter decreased from 12.64 cm to 9.5, 7.9, and, 7.3 cm, respec-
pacing frequency is higher than that of the spiral wave, dively). Although the trajectories are the same for and(c), differences in
drift is induced on the spiral wave tip. The same results aréepolarization are apparent. Note that for the shortest perim@teasd (e)

btained usi iodic b d diti hen th l the tips and their trajectories begin to diverge from the originals and start to
obtaine . using perlo IC boundary conditions when the cy In'drift. Spatial and temporal resolutions are setAtr=0.0316 cm andAt
der perimeter is comparable to the wavelength of the-g2ms throughout.

spiral?®1%® since the wave front generated by the spiral

propagates outward and is forced to collide with the spiral | ) ) . ,
periodically as the spiral rotates, with the collision period

dependent on the conduction velocity and the cylinder’s pe-
rimeter.

Figure 29 shows how periodic boundary conditions and
the size of the domain affect the evolution of a spiral wave
following a circular core. The two plots in pand® and(b)
show four snapshots during one rotation for two domains
that are identical except théb) has periodic boundary con-
ditions at the left and right edges; all other boundary condi-
tions are no-flux, and parameter set 1 is used with
=0.415. Because the spiral wave interacts with itself under

FIG. 27. (Color) Periodic boundary conditions along two parallel edges of aper!OdIC boundary c_ondltlons, (_jlfferently shapgd qUIeSC_ent
2D sheet transform it to the topological equivalent of a cylinder. The voltage'€gions form at the right-hand side of the domain depending
plot shown with its tip trajectory on the cylinder (@) and rotated by 120°  on the boundary conditions. When periodic boundary condi-

in (b) f‘t’epicrtf tge same data s ShOWI” in tge feﬁtangu'ag d‘:]m_aﬂﬁ)-i“f tions are used, the quiescent region develops sooner because
Hereafter, the domains are shown only as 2D sheets. The height of t . . .

cylinders was reduced by 40% to aid |)rl1 visualization. Paramete? set 1 iﬁ was StImUIat?d (_earher by an encroaChm,g wave that pas;ed
used as in Fig. (&). Tissue size is 7:86.32 cm withAx=0.0316 cm and  @Cross the periodic boundary. As the perimeter of the cylin-

At=0.2 ms. der is decreased from 4.74 to 4.55 cm in Fig(@%the spiral

A B
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wave tip is perturbed by incoming wavésince the period of
rotation is smaller than the time required to travel once
around the cylindgrand a drift in the tip trajectory develops.
This drift is purely an effect of the boundaries and is inde-
pendent of the type of tip trajectofy.e., circular or mean-
dering, see Fig. 2@)] and of the model uset. The only
requirement is that the cylinder perimeter is smaller than the
spiral wavelength, so that the spiral tip can interact with the
waves it generates. If the perimeter is small enough, drift can
cause the spiral tip to migrate to a no-flux boundary anddis-
appeatr, leaving only a plane wave as shown in the last panel
of Fig. 29d).

Once drift is present, a further decrease in the cylinder’s
perimeter makes the spiral wave encounter its own incoming
waves sooner, equivalent to pacing a spiral wave at a fre-
quency much faster than its own and resulting in an increase
in the drift velocity**” Once the perimeter is smaller than the
tip trajectory, no spiral wave activity can be sustained. How-
ever, for spiral waves in the hypermeandering linear regime,
there is a window of cylinder perimeters between drift and
termination for which spiral waves will bredR!*® The
FIG. 29. (Color onling Effects of periodic boundary conditions on spiral tip breakup is produced because the hypermeandering wave tip
trajectories. Parameter set 1 is used with=0.415 [except in(d)], Ax repolarizes some regions along the cylinder unev&nly.
=0.0316 cm, and\t=0.2 ms.(a) Four snapshots during one rotation of a Therefore, the mcomlng waves produced by the splral itself
spiral wave with circular core in a square domain with no-flux boundary
conditions.(b) Same as ifa), but with periodic boundary conditions on the can block the tlp trajectory and form new sp|ral waves. Ac-
left and right edges(c) Drift induced by incoming waves in the periodic tivations can disappear when the spirals annihilate with the

case once the length was decreased from 4.74 to 4.58 cm and the period gb-flux boundaries. Figure 30 shows a sequence of voltage
rotation was longer than the time required to travel along the entire length i
Under these conditions, waves interacted with the spiral tip and produceE)IOtS of splral wave breakuP on a small cylinder with perlm

drift. (d) The first three panels show an unperturbed meandering spiral waveter 7.11 cm using parameter set 1. The spiral wave shown in
following an epicycloidal trajectory usingy=0.35. When the length was (@) collides with a portion of itself moving to the right across
decreased slightly to 4.55 cm, the spiral drifted, which caused it to vanish 3he periodic boundary ib). The new and old fronts merge
the boundaryas shown by the trajectory remaining in the last parieav- . . :

ing a stable planar wave front that circulated around the cylinder indefi-(c)’ but interaction with the wave back causes Only a small
nitely. fragment of the original spiral to remaif). As the spiral

B PAS

A (0 ms) B (17.5 "'I"-.l .0 ms) (47.5 ms) E (62.5 ms) b0 1S

HI’JE’J' IE

G (7T0ms) H (7ims) I(582.5 ms) (110 ms) (170 ms) L77.5 ms)

(4632 ._ ms|

MO(230 ms) N (437.5 ms) O (452.5 ms) Q (492.5 ms) No-flux BCs

FIG. 30. (Color) Evolution of periodic boundary condition-induced breakup of a spiral wave with a hypermeandering tip trajectory inK&.32.édm

domain. Because the tip meandered, regions were repolarized unevenly, allowing conduction blocks and subsequent wave breaks to develeg,imas describ
the text. The tip trajectory is shown in fram&s—(i) but is discontinued in the remaining frames because multiple spiral waves are present. Ultimately, the
breakup was transient, as all the wave fronts eventually were absorbed by the no-flux boutaf@ees bottom(q). As shown in the last panel, no breakup
occurred when no-flux boundary conditions were used on all edges in the same size domain. Parameter set 1 was Ased @Bh6 cm andAt
=0.2ms.
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tissue quasi-2D. Zipe®t all®? suggested that fibrillation
emanated only from the thicker left ventricle after they
chemically depolarized the left ventricles of canine hearts
and observed that fibrillation transitioned to sustained mono-
morphic tachycardia with a period of about 160 ms. Simi-
larly, conversion from fibrillation to tachycardia in
Langendorff-perfused rabbit hearts was obtained by Allessie
et al, '3 Breithardtet al,’>* and Schalijet al!*® when the
intramural layers of the ventricles were eliminated by necro-
_ _ _ _ sis coagulation caused by freezing the endocardium with lig-
FIG. 31. (Color) Three-dimensional scroll wave. A 2D slice showing the . . . .. . .
voltage profile of a spiral wave is shown on the right-hand side. The golduld nitrogen. This procedure left a surviving eplcardlal Iayer
scroll-shaped surface tracks the wave front in 3D, and the red circle showdbout 1 mm thick®* (quasi-2D, and in contrast to the
the instantaneous location of all spiral wave tips in all slices, otherwiseinfarction-induced thinning experiments, freezing seemed to
known as a filament or vortex line. Half the domain is shown for clarity. preserve the electrophysiological propeﬁt?émat otherwise
potentially could alter the dynamics of electrical waves.

continues to turne)—(f), it encounters the wave back and More recently, two gxperime_nts of tissue reducti_o nin por-
fragments into multiple wavesg)—(). These two fronts N hearts, orl8 using freezing and the othférusing se-

merge agairtj), but further breakup occurs as the fronts Con_quential cuts of 2,<4 cm portions of the fi.brillating tissug

tinue to interact with the wave backe—(p). Ultimately, the ~ Parallél to the epicardium, also found evidence supporting
no-flux boundary conditions, at the top and bottom of thelN® critical mass hypothesis, with a minimum mass of about
cylinder, absorb all the wave frontg), leaving behind only 20 g needed to support fibrillation and a decreasing number

quiescent tissue. The last frame of Fig. 30 shows how th@f SPiral waves as the tissue mass was decreased. The main
same initial condition in the same size domain but with aliconclusion of ventricular thinning experiments, emphasized

156,157
no-flux boundary conditions results in a stable hypermean

by Winfree, is that hearts below a critical electrically

dering spiral wave. Similar breakup due to periodic boundary’zlctive muscle thickness dq not fibrillate, but instgad support
conditions has been obtained in Ref. 87 using both the FHNtPIe forms of tachycardia that can be associated with a
model with linear coré€on a cylinder with a perimeter of single spiral wave. The minimum thickness, however, needs
280 grid points and using the BR model on small cylinderst© be determined with respect to the wavelengtand per-
with the speed of calcium dynamics increased by a factor off@PS the size of the tip trajectd¥.

two (MBR), which in 2D tissues using no-flux boundary In numerical simulations, the inclusion of a third dimen-
conditions generates stable spiral wave® sion has been shown to widen the range of parameters that

produce breakup for some of the 2D breakup
mechanism&/1%° although the parameter ranges increase
only by 5%-10%. More importantly, however, simulations
While atrial tissue may be thin enough to be consideredn 3D have shown the existence of purely three-dimensional
effectively two-dimensionalleaving aside its complex ge- breakup mechanisnis *®that have no analogs in 2D. In
ometry, fiber structure, and regional variations in conductiorthe following sections we discuss three mechanisms of 3D
velocity and action potentiglg>*° the ventricles are sub- scroll wave breakup: negative tension in homogeneous tis-
stantially thicker and three-dimensional effects may need tgue, twist instability in the presence of rotational anisotropy,
be considered. In particular, since the early experiments odind low coupling and discrete effects, also in the presence of
Garrey” in 1914, who showed using canine hearts that fibril-rotational anisotropy.
lation in the thinner right ventricle ceased when it was dis- . ] . L
. . . - A. Mechanism 8: Negative tension in the low
connected from the thicker left ventricle, the inclusion of a . - .. :
. . . . excitability regime
third dimension presents what has been since then a contro-
versial open questionis ventricular fibrillation purely a In 3D, while a spiral wave becomes a scroll wave, the
three-dimensional effect? spiral tip expands from a single point to a one-dimensional
The issue of whether ventricular fibrillation is intrinsi- line called a vortex line or filament. The simplest form of a
cally three-dimensional is a fundamental claim largely sub-scroll wave is a straight vortex obtained trivially when 2D
stantiated by the concept of a minimum mass necessary f@piral waves are stacked perpendicular to their plane of rota-
fibrillation (more specifically perhaps, would be a minimum tion over a finite thickness. Scroll waves like this both were
size in relation to wavelengttiirst hypothesized by Garré¥. ~ first found in experiments with the Belousov—Zhabotinsky
Among other things, he showed that pieces of ventriculachemical reagent and were proposed to exist in myocardium
muscle with a surface area of less than Z¢hat had been by Winfree in 1973'%° and were first observed in ventricles
shaved from the left ventricle stopped fibrillation, whereasextending upright 10-20 mm from endocardium to epicar-
the remaining portion of the left ventricle continued to fib- dium by Chenet al'®* in 1988 and by Frazieet al®? in
rillate until 75% of the ventricle had been removed. Dillon 1989. Vortex filaments, however, need not be straight lines,
et al’®® and Kavanaghet al'®* found comparable results but instead can curve, bend, and twHst®3-1%5and some-
also in canine ventricles when part of the ventricles werdimes form closed rings confined inside the medium without
inactivated by a transmural infarct, leaving the rest of thetouching any boundarié§®®’Figure 31 shows an example

VI. MECHANISMS OF SPIRAL WAVE BREAKUP IN 3D
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FIG. 32. (Color online Examples of contracting and expanding scroll rings. Each row shows four snapshots of a 20ppkatiel to the scroll axis of
symmetry as in Fig. 31, with the left edge corresponding to zero radhmwving the evolution of a scroll wave. The ring (@ is in the negative tension
regime and follows a hypocycloidal trajectory as it drifts alongzfexis, contracts and eventually disappd@m@mes at 1.216, 3.832, 5.48, and 5.568The

rings in(b) and(c), which are in the negative tension regime, expand rather than contract as they also drift alpaxit{érames in(b) at 1.12, 2.16, 3.1,

and 4.22 s; frames ift) at 1.036, 2.772, 3.262, and 4.5b Sometimes boundary effects can stabilize a scroll ring, so that a shrinking ring does not collapse
but equilibrates with its mirror image in thedirection (Ref. 87, and an expanding ring can change direction and shrink once it reaches the boundaries.
Parameters correspond to parameter set 1 ugjrd.35, 0.39, and 0.416 ifa), (b), and(c), respectively, with tissue size ¥0/.5 cm,Ax=0.025 cm and
At=0.1 ms.

of such a scroll ring. In Fig. 31 the wave front, shown in gold excitable limit and in a regime where spiral waves follow
(over half the domain for clarify forms a scroll-shaped sur- hypocycloidal meander patterns. As the scroll radplstted
face. Note how the spiral tip evolves from a point to a lineon the horizontal axisdecreaseséscroll contractioi the vor-
(or vortex, which in this case closes to create a ringrtex  tex ring follows the hypocycloidal trajectory and drifts along
ring), shown in red. On the right-hand side, the 2D coloredthe z axis. The last frame shows the moment before the ring
voltage image showing a spiral corresponds to what is seetollapses. Panel&)—(c) show the evolution of two scroll
throughout the tissue as a plane is rotated about the axigaves, following epicycloidal and circular trajectories re-
pictured in black. spectively, in the opposite regime, the low excitability limit,
Numerical simulations of vortex rings have shown awhere scroll waves expand. In both cases, the expanding
wide range of dynamical behavior in various parameter refings also drift along the-axis. It is important to note that,
gimes. While twisted and knotted scroll rings can beas mentioned in Sec. I, tip trajectories can be modified by
stablet®®1%yntwisted scroll rings drift along the ring sym- changing either the excitability or the wavelength, so that a
metry axis as they shrink or expand with velocities inverselytip trajectory does not necessarily indicate tension regime
proportional to the ring’s radius%1"*They shrink, contract, (for example, circular core regimes can exist for both the
and disappear when the excitability of the system is normahigh and low excitability limit.
or high and expand when the excitability is 16{f. There are Biktashevet al.? based on Keener's asymptotic theory
some small parameter regimes in which boundaries can stdpr reaction-diffusion system<>17® obtained a vortex fila-
drift or even reverse the initial drift directidd:'’>-"#3D  ment evolution equation for the no-meander limit and intro-
calculations of a scroll ring can be performed in 2D cylin- duced the concept dflament tensiorto describe the radial
drical coordinatesp and z) whenever the ring symmetry growth of an untwisted circular filament. The filament ten-
axis is aligned with thez-axis since, due to the symmetry sion is the proportionality coefficieny in the local radial
involved, all angular dependencies become zetdvdd  velocity of a circular filament\,=dr/dt=—v/r). Whenvy
=0). Examples of scroll ring drift using the 3V-SIM for the is positive (high excitable limi, scroll rings shrink and any
high and low excitability limits are shown in Fig. 32, where perturbation to a straight filament tends to disappear. On the
two-dimensional cuts on thg—z-plane similar to the 2D other hand, whery is negativelow excitability), scroll rings
voltage color contour shown in Fig. 31 are used with the axisxpand and any small perturbation to an initial straight fila-
of symmetry on the left. Figure 38 shows four snapshots ment grows exponentialfy. Therefore, the term positive ten-
during the contraction of a scroll wave in the normal-highsion can be applied foy>0 where small perturbations de-
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FIG. 33. (Colon Evolution and
breakup of a three-dimensional verti-
cal scroll wave due to negative tension
in the low excitability limit in a slab of
D (495 ms) E (570 ms) F (730 ms) dimensions 6.326.32x2.21 cm. A
' ’ small perturbation was applied to the
initial filament. The voltage is shown
for the bottom of the tissue and semi-
transparently for the top to allow fila-
ment visualization throughout the tis-
sue. Note that as the vortex elongated
f - \ because of the negative tension, it
I {1150 ms) touched the boundaries and formed
multiple scroll waves. The vertical di-
mension has been stretched by a factor
of 1.4 to allow easier visualization of
the filaments. Parameter set 1 was
used with 74=0.416, AX
=0.0316 cm, and\t=0.25 ms.

G (B35 ms)

J (1940 ms) K (2000 ms) L (2890 ms)

N 2040 ms) N (2970 ms)

cay and negative tension for<0 where small perturbations generally occurs during hypoxia or ischemia produced, for
grow. example, soon after a coronary occlusion.

When a straight scroll wave is induced in the negative
tension regime, it remains straight unless a small perturb
tion is applied. Biktasheet al3® showed, using the FHN
model in a low excitability regime, that if a perturbation is Ventricular muscle is composed of elongated cells ar-
applied to a straight vortex filament, the vortex will elongateranged roughly end-to-end to form fibers that conduct about
and curve until it collides with the boundaries, therebythree times faster along their axes than across. The fibers are
breaking up and generating a second vortex. These vorticesranged in sheets roughly parallel to the epicardial and en-
subsequently will produce new vortices by expanding andlocardial surfaces, but their fiber axis rotates continuously
touching the boundaries or by encountering conductiorfrom epicardium to endocardiufd’*’® Peskin’s’® deriva-
blocks that form new vortex ringér ring fragments when tion of the ventricular fiber architecture from mechanical
touching boundarigs On the surface of the medium, the principles predicts a total fiber rotation of about 180° be-
evolution of these vortices produces complex voltage activakween walls, which is in close agreement with what has been
tion patterns. Figure 33 shows an example of how a transmeasured in dissection experimetft$According to experi-
mural filament evolves under these conditions, using the 3Vments, this high angle of rotation seems to remain roughly
SIM with the parameters from Fig. 8. From the initial ~ constant for the right and left ventricles, despite the differ-
perturbation(a), the filament elongate&)—(d) until it hits ~ ences in thickness, and occurs in many mammalian
the boundarye) and forms a second filament. Both filaments species>®
continue to elongaté) and at times can disappear from one In previous numerical studi&s®®87 of vortex dynamics
or both surfaces of the tissue and become intranigyai(h). in parallelepipedal slabs of ventricular muscle with various
Further evolution yields additional filaments, some by con-wall thicknesses and fiber rotation rates, it was found that
duction blocks and some by collisiofis—(k). Negative ten-  rotational anisotropy can have a destabilizing effect on scroll
sion can substantially elongate a vortex(n) before it frag- waves in the high excitability limit. One of the effects of
ments again into multiple waves). fiber rotation on scroll waves is the induction of a phase

In cardiac tissue, the low excitability limit is reached delay on the waves across the layers forming the thickness of
when not enough oxygen is being supplied to the cells. Thishe tissue. Figure 34 shows an example of this delay for a

aﬁ. Mechanism 9: Fiber rotation with twist instability
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FIG. 34. Different timing of turns in 3D tissue with rotational anisotropy. &“[E“ _.":“n,l -
Elliptical trajectories(produced by anisotropyof a scroll wave are shown -—.__:_____ 5 =N

for the top(solid line) and bottom(dashed ling of a slab with 26° in fiber
rotation. While the spiral on the epicardiusolid line) has passed the pivot
turn already, the spiral on the endocardi(ashed linghas not yet started 0 2]
its pivot turn. As a result, the vortex has developed a twist in its phase
intramurally (as shown in Fig. 36 Parameter set 1 is used withy FIG. 35. (Color Intramural twist and vortex elongation. Four snapshots of
=0.416, using an anisotropy ratio of 5:1. a transmural vortex using the 3V-SIM fitted to the MBR mo@erameter
set ) in a slab 0.75 cm thick, using an anisotropy ratio of 5:1 with a fiber
rotation rate of 12°/mntRef. 41). The normal vectors shown in blue illus-
trate the direction of the spiral wave tips along the vortex and indicate an

scroll wave in the circular core regime in a slab 0.22 cmintramural highly localized twistshown in red produced by a phase differ-
) ence(see the text and Fig. 34As the twist propagated through the vortex

thick and with a total of 26° in fiber rotation. Superimposed”ne (at about 20 cmjs it elongated and collided with a boundary, splitting
are the trajectories of the scroll wave produced at the simuthe original filament into two segments, one that remained transmural and
lated top(epicardium and bottom(endocardiumportions of one corresponding to a half vortex ring. Spatial and temporal resolutions
the slab during one period of rotation. The anisotropitich ~ WereAx=Ay=0.025cm,Az=0.0125 cm, and\t=0.2 ms.
is modeled by a conductivity tensor where propagation is
about three times faster along the fibers axes than across and
transmurally, see Ref. 41 for further detaitsansforms the localized transition denoted by a large degree of twist devel-
circular trajectories into ellipses, which are not perfect be-ops. This twisted section of the filament travels transmurally
cause of diffusion in the-direction. A voltage contouftat  along the filament as the lagging phase of the scroll wave
85% of repolarization of the scroll wave(spiral wave at  finishes the pivot turn(b)—(c), resulting in elongation and
each surface is also plotted at one instant in time. Figure 34urving of the filament that cause it to collide with a bound-
shows that while the spiral wave on the epicardium has alary and generate a new vortés). Although the breakup
ready completed the pivot turn on the curved section of thenechanism is different from the negative tension mecha-
distorted elliptical trajectory, the spiral on the endocardium isnism, the observed vortex elongation and collisions with
just starting its pivot turn. Each time there is a pivot turn inboundaries are similar. This twist-induced destabilization of
the scroll trajectory(twice per period for a circular core that vortex filaments occurs above a critical thickness that de-
has been elongatgdthis phase lag induces a twist in the pends on the tissue fiber rotation rate. In Refs. 41 and 86, the
vortex line that is not uniformly distributed along its length, relation between fiber rotation rate, thickness, pivot turn
as in the case of sproing® but rather is highly angle of spiral wave tip trajectory, and breakup was dis-
localized*%¢8"The magnitude of the localized twist grows cussed in great detail. It was shown that while fiber rotation
as the fiber rotation rate is increased, and the twist can pranduces twist, the total amount of twist accumulated ulti-
duce elongation of the vortex filament as it travels alongmately is determined by the trajectory of the spiral wave tip.
it,41.86.87 For a given rotation rate, the sharper the pivot turn in the tip
For scroll waves in the high excitability limit, where trajectory, the larger the twist induced by the lagging phase.
spiral waves tend to follow hypermeandering or linear coreTherefore, models that are in parameter regimes where their
trajectories with high angle pivot turns, twist can producespiral waves show pronounced “petals,” in which the trajec-
large enough elongations to cause the filament to collide witliory makes a loop and crosses its own path as in the MBR
boundaries and to produce new vortices. Figure 35 illustratesiodel (which exhibits short petal distance2—-3 mm, with
this process, with twist represented by plotting the normak high total angle of rotation- 180°) 28 require a lower fiber
vectors N=VV/|VV|, shown in blug of the spiral wave tip  rotation rate to induce breakup in 3D compared to models
equally spaced along the vortex liffeln the first panel the with faster sodium kinetics like the LR-I modéWith the
normal vectors at the top of the vortex are pointing to thespeed of calcium dynamics increased by a factor of three to
right while those at the bottom are pointing to the left, indi- produce stable spirglswhose trajectories also have sharp
cating that the spiral at the top surface has already rotatetirns but have smaller pivot angl&s'*° Compare, for ex-
around the pivot turn while the one at the bottom has(ast ample, the trajectories in pandls) and (f) of Fig. 1, which
shown in Fig. 34. The change in orientation occurs in the are similar to the MBR and LR-I models with faster calcium
tissue between the top and bottom layers, where a highlgdynamics’ 13 respectively.

Twist (degree/mm)
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200 y the 1980s has suggested that the discrete nature of the cells
and the anisotropic distribution of intracellular
connection¥?8can lead, in some cases, to discontinuous
effects in propagating waves. In particular, it has been shown
that cellular discreteness can affect the excitability and safety
factor for propagation that can lead to reentry without the
presence of spatial differences in refractory peritsd§*18°
These types of discrete effects become stronger as tissue be-
comes ischemi€®8"or when cell density is nonuniforf¥®
For instance, cultured monolayers of chick embryo cells as
well as cellular automata studies have shown that spiral wave
0! - - : : - breakup can occur when cell coupling is decred$@d.
0 100 200 300 ) 189 ) .
DI (msec) Panfilov and Keenéf*#*made the first studies of scroll
waves in parallelepipedal slabs with rotational anisotropy
FIG. 36. (Color onling APD restitution curve with slope less than one \where low coupling was considered. Using a piecewise lin-
obtained using param_eter set 10. T_he c_iotteq line has_slope one. The insgléu, FHN-model, they observed that rotational anisotropy
shows a stable 2D spiral wave and its tip trajectory using the same param- .
eter values. Tissue size is &&3cm with Ax=00214cm andat  could destabilize scroll waves and produce bredKuphe
=0.115ms. scroll wave instability resulted from the discrete anisotropic
refractoriness, which can produce patchy propagation failure

To emphasize that twist-induced breakup in tissue withat low coupling strengthgor, equivalently, coarse spatial
fiber rotation is a function of the fiber rotation rate and theresolutions.**°=**In 3D tissue, the introduction of fiber ro-
spiral wave trajector§>®687130and not of the rotation rate tation can allow patchy propagation failure to develop at
and the slope of the APD restitution curve, as argued in Refslightly higher coupling strengths. Like the twist instability,
74, we illustrate this mechanism using parameter set 10reakup occurs as a function of tissue thickness for a given
which produces spiral waves with linear core and has afiber rotational rate and cell coupling strendthbut other-
APD restitution curve with slope less than ofsee Fig. 35  wise the two mechanisms are quite different. In this case,
Figure 37 shows breakup of an otherwise stable 2D spirgbropagation failure due to discrete effects occurs preferen-
wave(see Fig. 36, ins¢in a 3D slab (4.% 4.3 cm and 0.645 tially in the transverse and transmural directions and is am-
cm thick) with 180° of total fiber rotation (28°/mm rotation plified by the rotational anisotropy.
ratg. The simulation was performed usingpx=Ay To show this effect, we use the same parameters as for
=0.0214 cm,Az=0.0107 cm, andAt=0.115ms, and the the twist mechanisniset 10 in a slab of similar thickness as
results were verified by usingz=0.00535 cm to ensure that that shown in Fig. 37, but with a much smaller rotation rate
breakup was not due to inadequate resolution of the fibein which breakup due to twist does not occur. In this case the
rotation. Because the pivot turn is not as pronounced as islab size is 1.X1.7 cm and 0.77 cm thick, with a total of
the MBR model, a higher fiber rotation rate is needed forl00° of fiber rotation. Therefore, the fiber rotation rate is
breakup compared to the MBR modéf-*°A straight scroll ~ 13°/mm, which is less than half of that used in the twist
wave is used as an initial conditiqa). As the scroll wave breakup example, and the spatial coupling used
rotates and evolves, the filament buckles as it elongates dy@.00062 cri/s) is much smaller than in the twist example
to the traveling twistof#® (b)—(f), forming a target pattern (0.001 cnd/s). The spatial resolution used to demonstrate
at the lower surface as the bent part of the filament apboth mechanisms is the same, 0.0214 @ithough in this
proaches until it breaks into two vortices, one transmural andase we uséx=Ay=z since the rotation rate is smaller
one half ring, when it touches the lower boundégy. Half  Figure 38 shows five equally spaced layers of the slab as a
rings can expand further and break as they touch othegolumn at one instant in time, with the top voltage contour
boundariegh)—(j). As time progresses the activity becomesplot corresponding to the epicardium. The first colufan
increasingly irregular as more vortices are created and annghows the initial intramural scroll wave. As the scroll wave
hilated either by elongations or by conduction blogks-(r). evolves, propagation failure begins to oc¢hby—(d), eventu-
Note the creation of a single intramural scroll rirg)—(n), ally leading to multiple wavege)—(h). Because this breakup
which in an isotropic medium would collapse and disappearis due to low coupling, the breakup disappears at larger cou-
but which here elongates and breaks at the boundaries due ing values(e.g., larger than twice the value used here
the anisotropy, producing more vortices that sustain théeaving a stable scroll wav®,since twist-induced breakup
fibrillatory-like behavior. Because the minimum APD pro- for this thickness and rotation rafalmost the same thick-
duced in this model is larger than that of the MBR model, theness and half the rotation rate as in Fig) 8des not occur
density of scroll waves is smaller than in the MBRand  for this parameter set. We note that unlike mechanism 9, no
MBR-like simulations®! specific tip trajectory is necessary for breakup to occur.

The same effect can be achieved by using a coarser spa-
tial resolution, as in Ref. 40, rather than by decreasing the
coupling, since what is important is a reduction in the ratio

While so far we have considered cardiac tissue as a cor®/Ax?. The spatial resolutions used in Ref. 40 for the FHN
tinuous medium, experimental evidence accumulating sincenodel breakup were 0.09 and 0.125 cm. In our case an

g

APD (msec)
g

C. Mechanism 10: Decreased cell coupling and
discrete effects
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=

A (4 ms)

C (386 ms)

FIG. 37. (Color) Breakup and com-
plex dynamics due to filament twist
D (396 ms) E (402 ms) F (409 ms) using parameter set 10 in a 3D slab of
= tissue with 180° of total fiber rotation
: and using an anisotropy ratio of 5:1.
Tissue size was 4284.3xX0.645cm
with Ax=Ay=0.0214cm, Az
=0.0107 cm, andAt=0.115ms. An
initially straight filament (a) rotated
and evolved, accumulating twist and
elongating(b)—(d). A target pattern ap-
peared at the lower surface as the bent
part of the filament approached(#)—
(f) until the filament touched the lower
boundary and broke into a transmural
filament and one half rin¢g). Later, a
half ring expanded and became two
transmural filaments upon touching
the boundary(h)—(j). Elongations and
conduction blocks continued to occur
(k)—(r), sustaining the fibrillation-like
dynamics. Using the same parameter
values in 2D produced a stable spiral
wave (see Fig. 36, insgt To facilitate
visualization, the vertical dimension
has been stretched by a factor of 2.

G (414 ms)

J 664 ms)

P (1532 ms) Q (1536 ms) R (1665 ms)

equivalent rescaling corresponds to 0.086 cm and producds) pins to the computational grid, producing an almost rect-
the same result@ote that this rescaling involves decreasingangular trajectory instead of the correct circular ¢beand
the number of grid points used to represent the voltdgés  yielding a much longer period of rotation.

important to mention that when including discrete effects,

either by discretizing directly the cardiac cells as in Ref. 185y||. DISCUSSION

or by using a coarse spatial resolution, caution is require
when choosing the protocols and model parameters, sin
numerical artifacts leading to unrealistic results sometimes  Although the shape of restitution curves cannot solely
can be induced. As an example, Fig. 39 shows how coarggredict spiral tip trajectoriefe.g., circular cores can be ob-
discretization can lead to incorrect spiral trajectories due tdained for both flat and steep APD restitution curves, as in
lattice pinning. The spiral wave from the coarse simulationFig. 1(a) and Fig. 12, respectivelythey are useful to explain

. The role of APD and CV restitution curves
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FIG. 38. (Color) Breakup in 3D due to
discrete effects and low coupling with
rotational anisotropy, using parameter
set 10, in a 3D slab of tissue (1.7
X 1.7X0.77 cm) with 100° of total fi-
ber rotation and using an anisotropy
ratio of 5:1, Ax=0.0214 cm, and\t
=0.115ms. Voltage plots of the top
and bottom surfaces, along with three
evenly spaced interior surfaces, are
shown at eight different time@fter 0,
679, 736, 955, 1231, 1541, 1576, and
1771 ms. The initially straight scroll
wave became distorted due to the ro-
tational anisotropy and the low cou-
pling induced breakup. Note that
breakup does not occur when the same
simulation is performed using larger
coupling values.
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and to determine some regimes in which certain conductiowonduction blocks will be present whenever a DI falls out of
blocks can develop and produce spiral wave breakupthe stable alternans region, as shown in Figs. 4 and 7. We
Throughout Sec. IV six different mechanisms for breakup inrefer to this breakup as mechanism 1 or breakup by an
2D were described depending to some extent on their APRbruptly steep APD restitution.

and CV restitutions. If instead the APD restitution curve is steep but not
abruptly steepi.e., has slope greater than one for a relatively
large range of Dlg then the region for stable alternans is

The first two mechanisms originate when the APD reSti_Wlder and there is a greater chance for a spiral wave to form

o curve has a siope greater han one aver some range 0% SETTAING conducton Hocks, Hevertneless, under
DIs, which can produce APD alternans and conductio 0 ' y

nfect the behavior of the spiral wave and produce breakup. It

blocks at high frequencies. While in principle both mecha- . : L .
nisms can be considered as one, we make a distinction basQ s been shpwn that when t|ssu_e IS PeT'O_d'Ca”_y st|mul_ated at
requency in the alternans region, variations in velocity due

on two factors: the steepness of the APD restitution curvet\a

and the frequency of the source. If the APD restitution curvet (r)]ect\igstﬁztltvlj/trll?cnh f?%ﬂ?ﬂgﬁ ?;%ﬁgi?ﬁi;ﬁﬁ@%@%
is abruptly steepi.e., has a narrow range of DIs over which ' )

the restitution is much greater than gtaen the region for The distribution of nodes that separates the discordant alter-
possible periods with oscillating APDs that result in stable"@ns regions becomes a function of the CV restitutoim

alternans rather than conduction block is narrow. Therefore?artlcmar’ nodes occur closer to the gtlmulus site and pack
together more densely as the CV restitution changes over a

spiral waves will break close to the tip as they form, Smcewide range, as shown in pané® and (f) of Fig. 10. There-
fore, for a spiral wave whose period is in the alternans re-
gion, the CV restitution curve will dictate if discordant alter-
nans and block can form in a specific tissue Sfz¥.In Fig.

11 we show how, for a given frequency, conduction block
depends on the distance from the source. This means that the
stability of a spiral wave whose frequency is in the alternans
region is a function of siz& so that a spiral wave that is
stable in a square domain of lendthmay not necessarily be
stable in a domain of lengthL (r>1), as illustrated in Fig.

12. Unlike mechanism 1, which occurs rather quickly and
close to the tip, the breakup due to discordant alternans de-
velops over time, requiring many beats to form and with the
distance of the breakup region from the tip depending on the
in the low excitability regime.(a) Spiral wave trajectory pinning to the period. Therefore, we distinguish it as a separate mechanism.
lattice. (b) Spiral wave trajectory obtained by decreasing the spatial resolu- It iS important to note that even when the APD restitu-
tion by 10%. The pinning occurs because the curvature at the spiral tigijon curve is abruptly steep, breakup by discordant alternans

is close to the critical radius of curvature, so that only those adjacent cellg.y; ; PR
on one side of the tip become excitexhusing the straight line motion seen Still can be pmducedby pacing perlodlcally at a constant

in (a)] until the spiral rotation rotates enough for the tip to turn. As a result, fequency in_ the region of altem@ngﬂowever’ since the
the trajectory is very different and the period is completely wrong. range of periods for stable alternans is very narféow ex-

1. Steep APD restitution curves

B

FIG. 39. (Color onling Lattice pinning resulting from coarse discretization
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ample, 30 ms using parameter set 3 compared to 85 ms for

set 4, spiral waves with abruptly steep APD restitutions are
more likely to break up by mechanism 1 than by mechanism

2. One possible exception to this hypothesis could occur if a
spiral were able to pin to an inhomogeneity of a size such

that the period lay precisely in the alternans region. Simi- =

larly, breakup by mechanism 1 can occur in models with

steep(but not abruptly steepAPD restitution curves when- E- 200
ever a large change in cycle length occurs. £

o 100

o

=4
2. Non-steep APD restitution curves 0

0 100 200 300 400 500
Without diminishing the significance of steep APD res- DI {msec)

IG. 40. (Color) Breakup in the LR—I model with calcium speeded up by a
) o ‘ actor of 2. The first two panels show the initial breakup as the spiral wave
experiment it is important to recognize that there tumns, blocks, and breaks. The third panel shows the voltage profile after a

are a number of other mechanisms that also can cause spifelv more wave breaks have occurred. Because of the large wavelength and
wave breakup. In fact, one of the most widely used ionicthe linear core, the breakup was transient, and eventually all waves left the
. ! . 03 area. The lower panel shows the APD restitution curve for the LR—I model
models for cardiac simulations, the Luo—Rudy*preaks it caicium speeded up by a factor of 2, which has slope less than one
up with calcium dynamics speeded up by a factor of betweeBverywhere. Similar breakup is also obtained when the calcium dynamics
2 and 2.8, despite its flat APD restitution. The LR—I modelare up to 2.8 times faster than with the original parame(&ef. 130.
has a much fastefand more realisticsodium conductance T'SSU€ size is %4 cm with Ax=0.02 cm, and\t=0.025 ms.
than its predecessor, the BR modetesulting in a smaller
Dl,in (25 vs 46 mgand a relatively high APR),, producing
a fairly flat APD restitution. Even when the calcium is
speeded up by twdgto decrease the maximum APD from
about 360 ms to a more physiological value of about 23 h S ) o
ms), the restitution curve is flat, with slope less than one First, APD restitution can be measured either in isolated
(Fig. 40. Because of its high excitability, small refractory cells or in intact tissue. AIthough both are similqr since they
period, and large wavelength, the model follows linear cord€Present the same system, differences can arise due to cell
trajectories with sharp turns that can block wave propagatioffUP!ing. For example, the maximum APD measured in an

due to the Doppler shift in the frequency, as shown in Fig. oqisolated cell and in a cell in a tissue preparation can vary
in the discussion of mechanism 4. substantially due to electrotonic effects, especially as a func-

Other possibilities for spiral wave breakup in two dimen- tion of excitability. This effect has been seen in experiments,

sions that do not require steep APD restitutions are the Casg@ereothe AOPD in isolated ,mY,OCBéEé?S has been estimated to
of nonmonotonically decreasing restitution curves, such as i€ 10%—15% longer than in tissu€,and can be observed
the cases of biphasic APBnechanism 5and supernormal readily in numerical simulations. In the same manner, the
CV (mechanism Brestitution curves. With a biphasic APD value of the minimum diastolic interval measured in an iso-

restitution curve, even when the magnitude of the slopéated cell depends on the strength and duration of the stimu-

never exceeds one, the prolongation of APD as the DI iéus and is much shorter than the minimum diastolic interval

decreasedover a certain range of Digan block subsequent OF Propagation obtained in tissue. Therefore, the shapes ob-
waves, thereby causing breakup. Similarly, a supernorméﬁ'”ed frpm tissue and isolated cells may d|_ffer in the sense
CV restitution curve causes waves at short DIs to move mor£hat for isolated cells, the AR, may be higher and the
quickly than waves at long DIs. In this way, waves can staclP'min smaller, allowing more variation in slope. As a result,

and even block by collisions as spirals turn. Other mechall SOMe extreme cases alternans can be seen in isolated cells

nisms that do not require a steep or otherwise specificall)l?m not in tissue. Since arrhythmias formin ti§sue rather than
shaped APD or CV restitution curves to produce breakup ard Single cells and electrotonic effects certainly are present,
discussed below. Mechanisms not involving steep APD resWe believe that th_e restltupon obtained in tissue is the rel-
titution may be relevant in the study of atrial fibrillation, €vant curve for this analysis. o
where extensive experimental evidence has shown that the S€CONd, the restitution relations in real cardiac tissue do
rate adaptation of atrial tissue diminishes or is eliminated'©t depend only on the previous d|§stog|gc interval, but in fact
after prolonged periods of fibrillatiotf51¢7 there |sme_moryof previous gc_tlvatpn%. That is, therells .
an adaptation of APD to variations in cycle lengths which is
believed to be due, among other things, to changes in elec-
trochemical gradients and permeability arising from differ-
ences in accumulation of intracellular sodium and calcium
While details of restitution curves such as shape, steepand extracellular potassium as well as the nonequilibrium
ness, and the R}, can be important in determining spiral values of the ionic currents at different rates of

wave stability and are a principal tool in classifying the vari- stimulation>®132200.201

their relevance has been shown in a number o

titution curves as a breakup mechanism, especially sinc{rg
§1,194,195

ous breakup mechanisms of this paper, we should mention
two important issues regarding their measurements, particu-
darly in experiments.

3. Quantifying restitution
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Because of memory, there are different protocols com- 150
monly used to measure APD restitutions, and indeed one
difficulty in using APD restitution curves as a predictor of
spiral wave instability is determining an effective and useful
measurement protocol. The so-calldady-state restitution
curve is obtained by pacing the cardiac preparation at a fixed
cycle length for a large number of bedtsmtil the preparation 50
reaches a steady statafter which the last DI and APD are
recorded at that cycle length to provide a point on the APD
restitution curve. Repeating the same protocol for various

=
8

APD [maac)

cycle lengths and measuring one point for each cycle length 0 0 M " .:Enc-. 0 ¥ W
constructs the full curve. Another protocol measures the e
S1-S2 restitution at a given cycle lengthiere, a train of A

more than 20 stimuli at a fixed cycle lengtB1) is used to
set the tissue memory to that particular cycle length. Once a M
steady state is reached, a single premature stim@@sis - II
applied. The APD of the premature stimulus and the preced- |
ing DI provide a point on the restitution curve. Repeating the O.E
S1 trainat the same cycle lengénd varying the time of the I
premature stimulus S2 provides a full restitution curve. A 0.4 [
variant of the S1-S2 protocol uses a third stimulu$*%%° |
(or more designed to reach shorter DIs and APDs than are 0.2 |/ \
accessible only by using successively closer stimuli. While ] e =
the steady state protocol yields one APD curve, the S1-S2 00 — = -~ :D

produces an entire family of restitution curves since different Freguency (Hz)

S1 cycle lengths yield different restitution curv@<®?all of B

which have various slopes and shapes, bringing into question '

which restitution is the relevant one. Furthermore, theriG. 41.(Colon (a) Density plot of restitution. DI, APD pairs are gathered
steady-state and S1-S2 protocols are limited in that they céffPm all sites ovea 5 s sinulation and grouped into 0.5-ms-wide bins. A
be used only in quiescent tissue and not during an arthythmigont £ P01 or a1 DL APD par fose b s vstes ot et e
episode, which also calls into question the relevance of thesgints appearing as a diffuse black “dust” were visited up to 500 times and
restitution curves to fibrillation initiation. During an arrhyth- represent 17% of the data. Bins visited more often were color-coded: up to

mia, the onIy option for measuring restitution is the so-calledt900 visits, red; up to 2000 visits, green; up to 2500 visits, blue; more than
2500 visits, yellow. Those DI, APD pairs visited most often cluster closely

dynam'CprOtOCOI'l%ZOBm which VOltage traces from many around the model's APD restitution curve, shown in bla@h.Power spec-
sites are used to obtain DI, APD pairs, which are then plotteg@um of frequencies obtained during the same simulation. The two yellow
together. A similar approach can be taken in the absence @#gions in the density plot, with cycle lengths near 100 and 200 ms, corre-
an arrhythmia by introducing stimuli at random intervals angsP°nd t© the peaks in the spectrum of 10 and 5 Hz, respectively.
measuring all DI, APD pairs.

While the steady state and S1-S2 restitutions produce
relatively clean curves, the dynamic protocol typically yields Figure 41a) shows a density plot example obtained from
a cloud of points rather than a clearly discernible restitutiorb s of simulated fibrillation(using parameter set 6, mecha-
curve. The cloud is due in part to the fact that measuring DIsiism 4, shown in Fig. 19 The data were collected from all
and APDs from an extended system during an arrhythmiaites throughout the fub s and produced a highly scattered
can include loading effects from curved fronts as well asdistribution. To construct the density plot, the DIs and APDs
double potentials with short APDs resulting from recordingswere rounded to the nearest 0.5 ms, thereby creating DI and
close to the core of reentrant wavés?® APD bins. The number of DI, APD pairs obtained for each

Currently it is believed that the dynamic restitution is the bin value were counted and plotted for that DI and APD with
most useful predictor of spiral wave behavior, since it isa color to represent the frequency of occurrence for that DI,
measured under the conditions of arrhythmia. One possibl&PD pair. Those bins visited between 2 and 500 times are
method of extracting useful information from the cloud of shown as the black “dust” and include 17% of the total data.
points obtained is to plot the restitution curve using a densitfThose bins visited only once, constituting 8% of the total
plot. If the DIs and APDs are binned, the restitution curvedata, are not shownBins visited a larger number of times
can take on a third dimension by plotting the number ofare color-coded as follows: 501-1000 times, red, containing
points falling into the given DI, APD bin as a height. In this 12% of the data; 1001-2000 times, green, with 6% of the
way, although outlying points remain in the plot, preferencedata; 2001-2500 times, blue, with 6% of the data; and
is given to the DI, APD pairs that appear most often, and areater than 2500 time&ip to a maximum of more than
structure can emerge as points measured close to reentré88 000, yellow, consisting of 51% of the data. The values
waves and due to loading effects are reduced to the baclshown in the figure take on an increasingly discernible struc-
ground. ture as less-visited DI, APD pairs are excluded. For compari-
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son, the model’s APD restitution curve obtained from planeporal pattern due to continuous wave breaks, péneihows
waves is shown in black, and it can be seen that the density stable spiral wave. In both cases, all parameters were the
plot clusters around this curve more and more tightly at thoseame, and the only difference was the initial conditions.
DI, APD pairs visited most frequently. In particular, the While the previous example illustrates the effect of ini-
small APDs produced by curved fronts and wave tips ardial conditions on the onset of breakup, it requires specific
eliminated, and the minimum APD and DI of the denserinitial conditions; however, other mechanisms require only a
clusters match those of the restitution curve. While this exsimple spatial gradient in DIs to produce conduction blocks.
ample uses data from a simulation, rather than experiment®n example is the rate-dependent bistability and hysteresis
data, we believe a similar approach may be useful in clearingf APD (mechanism B in which the passing of a previous
up cloud-like dynamic restitution curves obtained experi-wave can lead to a gradient of recovery, causing parts of the
mentally. tissue to be on the 1:1 branch while others are on the 2:1
Figure 41b) shows the normalized power spectrum cor-branch and resulting in a wave break, as shown in Fig. 17.
responding to the data ifm), which resembles those ob- Discordant alternans-induced break@mechanism 2
served experimentalfy:2°* A dominant frequency of about also can depend on initial conditions, again to a lesser extent
10 Hz is presenteven in the absence of a dominant spiralthan in the first example. When a spiral wave is initiated in
wave), along with a secondary peak at half the value of theuniform tissue, the breakup typically takes many beats to
first (corresponding to the frequency of the 2:1 block region occur, as the oscillations due to conduction velocity restitu-
These regions are visited preferentially in the restitution dention grow slowly before developing conduction block. How-
sity plot, as can be seen by the clustering of DI, APD pairsever, discordant alternans can be generated immediately fol-
visited most ofter{colored yellow around the cycle lengths lowing a gradient of recovery therefore, if the spiral wave
corresponding to the two frequency pedi® Hz and 100 is initiated in tissue with an existing gradient of refractori-
ms, 5 Hz and 200 msDespite the width of the large peak ness, the oscillations can grow faster and breakup can occur
and the presence of a wide range of other frequencies imather quickly.
smaller amounts, use of the density plot allows a restitution  The biphasic APD restitution curvegnechanism balso
curve structure to emerge. We anticipate that a similar prois sensitive to initial conditions, as seen in the cobweb dia-
cedure should help to clarify a useful restitution curve fromgram of Fig. 23. Because of the presence of a region with
experimental data. negative slope in the middle of an otherwise positively
The CV restitution curv&® has not been studied as sloped curve, different initial conditions for the same period
broadly as its APD counterpart, mostly because its measur&an produce both stable and unstable solutions for a given
ment becomes complicated since fiber orientation and thredrequency. Another example is negative tensiorechanism
dimensional effects distort propagating fronts. Therefore, it is8), discussed in the following section, in which the differ-
still largely unknown how CV restitution depends on previ- ence in obtaining a stable scroll wave or turbulence depends
ous activations. Although it has been shé¥rthat maxi- on initial conditions. While a straight scroll wave will be
mum longitudinal and transverse CVs are not significantlystable, any small deviation from that will result in breakup.
affected by basic cycle length in normal tissue, it is unknown
whether the shape of the curve may change. Furthermore,
during ischemia cellular coupling and thus upstroke velocityC. The role of thickness (2D vs 3D)
change with cycle lengttf"**"so that at least the maximum Even though restitution relations and initial conditions
conduction velocity becomes a function of cycle length, and, o very important in explaining 2D conduction blocks,

memory effects on CV may become important. structural effects manifested in 3D can have relevant conse-
quences in the destabilization of three-dimensional reentrant
waves(scroll wave$ and their vortex filaments as well. In
Sec. VI three different mechanisms for spiral wave breakup
Initial conditions, in many cases, are also important dein 3D are discussed. The first, negative tengim@echanism

terminants of spiral wave stability. A striking example of this 8), develops as the excitability of the medium is decreased,
is shown in the case of steep APD restitution curves thatvhich can occur physiologically when cardiac tissue is de-
have a second region with slope less than one at short Digrived of oxygen and becomes ischemic. In such cases any
such as the 1962 Noble modfiand the Foxet al}*” mod-  small perturbation applied to the vortex filament of a scroll
els. When such regions exist, periodic pacing at short or longvave grows. Vortices can then, after many rotations, elon-
cycle lengths where the slope is less than one results in stabfgte, curve and twist intramurally, until they collide with a
waves(for small domaing while in between there is a re- boundary and break, producing a new vortex and scroll
gion of cycle lengths where the slope is greater than one, angtave. This process can repeat itself, leading to multiple
thus alternans develops and conduction block may occuscroll waves and turbulence. Similarly, in twist-induced
Therefore, spiral waves with long periods falling in the re-breakup (mechanism 9 vortices elongate and break at
gion of slope less than one with long DlIs are stable, whileboundaries. However, unlike negative tension, this mecha-
spirals with short periods falling in the other region of slopenism occurs in the high excitability limit, physiologically
less than one can be either stable or unstable depending eorresponding to healthy tissue, and the breakup requires
initial conditions and tissue size, as shown in pafielsand many fewer rotations. It is important to note that while
(b) of Fig. 15. Where pandla) shows a complex spatiotem- mechanism 8 can arise in completely homogenous tissue,

B. The role of initial conditions
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mechanism 9 is a consequence of the natural anisotropic fi
ber rotation found in cardiac tissue. Mechanism 10 is en-
hanced by° but does not requir€’1% fiber rotation,
Breakup due to this mechanism depends on low coupling anc
discrete cell effects, which grow more pronounced as the
tissue becomes ischemic. - ]L
We note that while ischemia is a complicated condition
that induces numerous physiological alterations in cardiacA T
tissue, some of its most important effects are reductions in
excitability and cell coupling. The reduced excitability may
possibly shift the dynamical state of the tissue into the nega-
tive tension regime, thereby activating that breakup mecha
nism. In addition, the poor cell coupling may induce wave
breakup as in mechanism 10. The twist instability mecha-
nism, on the other hand, becomes less important in this pa
rameter regime. B
Although mechanism 10 in principle can occur in 2D
tissue but is amplified in 3D by anisotropic fiber rotation,
mechanisms 8 and 9 are purely three-dimensional and the
need a minimum thickness to develop. Vortex lines are con- .
strained to be locally normal to any boundary at which they <"
attach(sealed boundaries that conserve cuireamd in very
thin layers this requirement can prevent elongation in both
mechanisms. Mechanism 9, in addition, has a thickness limilC
as a function of fiber rotation rafé:*** below which the
twist induced is not enough to elongate vortex filaments subFIG. 42. Vortex interactionga) A vortex ring is created and collapses again
stantially. without touching the transmural filamertb) A vortex ring is created and

.. . . _fuses with an existing transmural filament because its phase matches the
Itis |mportant.to note that Whereas, in 2D Cor.'ducnonfilament phase at the fusion sitee) A vortex ring is pinched off from a
blocks are a requirement for breakup, in 3D they are Nnotransumral filament as it elongates. All parameters are set as in Fig. 35.
necessary even when they occur, since breakup can be pro-

duced purely by topological changes in the vortex filaments,
which have no counterpart in 2D. Once multiple vortices areygq shorter cycle lengths, resulting in conduction bl@ags.
created, the complex behavior and interactions between Vokg 4nq 20 whenever the shift lies below the period for
tices can render the system more turbulent. For exampl%ropagation.
conduction blocks between waves can suddenly generate in- |, the presence of periodic boundary conditiémecha-
tramural vo_rtex rings that can eventually contract and dis_aphism 7, the type of spiral wave trajectory also is important.
pear[see Fig. 422)], or they can expand and even fuse with \yhen, the wavelength of a spiral is comparable to the length
other existing vorticegsee Fig. 42)] if they have the same ot e tissue with periodic boundaries, drift can be induced
phase. Conversely, in other cases, vortex rings can be genefy the spiral wave by the interaction of self-generated in-
ated not by conduction block but by elongation and vortex.,ming waves with the spiral tip, as illustrated in Fig. 29.
self-pinching, as shown in Fig. 48. Even knotted twisted  gpira| wave drift along the ventricles, which can be produced
rings have been shown to fuse under certain conditihs. by periodicity or by other mearfé has been shown to pro-
Although equations of motion have been derived forq,ce fiprillation-like signals in the ECH2L2 Furthermore,
scroll N abpgarious  regimes and under certaiNyreakup into multiple waves also can occur due to the peri-
conditions;™ "% *the dynamics of their interactions qgic houndary effects as the movement of a hypermeander-
remain largely uncharacterized. ing spiral wave can cause complex gradients in repolariza-
tion, which can lead to conduction blocks as the spiral wave
breaks, as shown in Fig. 30.

The type of tip trajectory is also important in the 3D
breakup mechanism of filament twist instabil{tpechanism

As noted in Secs. IV-VI, the type of tip trajectory can 9), where sharp pivot turns in the trajectory are required. The
be a crucial determinant of spiral wave stability for certainrotational anisotropy of the medium causes the turn to take
mechanisms. In mechanisms 1 and 2, any tip trajectory wilplace at slightly different times across layers, producing a
produce breakup as long as the period of rotation lies in th@hase lag. Each time the pivot turn occurs, twist builds up in
region of slope less than one. On the other hand, mechanisthe filament, which the filament tries to eliminate through
4 requires not only a relatively flat APD restitution curve andelongation (rather than by diffusion, as in sproiffg®}.
a small D},;,, but also a highly meandering or sharply turn- When the turn is sufficiently sharp, enough twist can accu-
ing tip trajectory, so that the waves emitted by the movingmulate to destabilize the filament, which elongates so much
spiral tip will have a Doppler shiftas shown in Fig. 18and  that it eventually collides with the boundaries and breaks in

D. The role of spiral tip trajectories
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two. This instability decreases and has little effect for tipVIIl. CONCLUSIONS

trajectories with mild pivot turns and circular cores even at
high degrees of rotational anisotropy?®13° This paper has shown and classified a number of differ-
It is important to note that the tip trajectory can have anent mechanisms for spiral wave breakup in 2D and 3D tis-
important role in determining the sustainability of breakup.sues on the basis of the conditions necessary for their occur-
Sustained breakup is more likely to occur whenever the tigence in cardiac tissue. APD and CV restitution curves can
follows small coregcompared to the tissue sjzesuch as in  produce various types of breakup due to their steepness or
the Karma model? the Ba model®®!® the Noble due to their specific shapes for certain periods, although
model®”**some versions of the FHN mod&land a number other mechanisms exist even when APD and CV restitution
of models of the BZ reaction. In contrast, breakup is morecurves are relatively flat. In some cases, initial conditions can
likely to be transient when the tip trajectory is large, such aglay a crucial role in determining whether or not breakup
in the meandering and hypermeandering regimes, as shownill develop. The trajectory of the spiral wave tip also can be
using the BR modéf-*®and the LR—I model’ As the tissue  important for some breakup mechanisms to occur, as repo-
size is increased relative to the tip trajectory, the duration ofarization differences due to tip meander can lead to conduc-
transient breakup also tends to increfSe. tion block, and differences in pivot turns in 3D tissue with
rotational anisotropy can destabilize transmural filaments. Fi-
nally, although spirals can break by a number of mechanisms
in 2D, fully 3D tissue is needed for certain mechanisms to
develop. All of the mechanisms discussed in this paper can
E. Limitations operate in fully homogeneous and isotropic tissue, except for
A number of limitations of the present study should bethe 3D twist- and discreteness-induced mechanisms, which

mentioned. First, this manuscript has presented a set ¢gquire rotational anisotropy.
mechanisms that can occur in homogeneous tissue, while in  Which breakup mechanism or mechanisms are respon-
reality, cardiac muscle contains a variety of intrinsic inhomo-sible for the transition from tachycardia to fibrillation in the
geneities. Nevertheless, this survey can serve as a foundatidman heart is still unclear. Experimental evidence in vari-
and framework for the analysis of mechanisms that can occuUs animal models can be interpreted to support several
with or without heterogeneities. Many of the mechanismgnechanisms, including steep APD restitufibt**%***and
operative in homogeneous tissue should continue to occur if#P trajectories;****as well as or&** or many spirals! '
heterogeneous tissue, but some may be enhanced or supowever, our intent here is to give a survey of possible ar-
pressed, while other new mechanisms certainly occur due tdythmogenic mechanisms, any number of which may be
specific heterogeneities. For example, differences in cell dyPresent in a given patient or preparation. Numerous ques-
namics have been found between the left and right ventriclegions about how these mechanisms may operate deserve fur-
which may be important in arrhythmia developmé&htike-  ther study, including whether one or several mechanisms
wise, different cell types exist along the thickness of thetend to underlie fibrillation, how fibrillation caused by vari-
ventricular wall(epicardial, M, and endocardial cellsshose ~ 0us mechanisms may be differentiated, which mechanisms
dynamics at large pacing cycles can vary gréafiyy>and ~ may be associated with other types of heart disease like is-
may destabilize waves under certain conditiéf{s?*®Fur-  chemia and heart failure, and how to provide effective treat-
thermore, natural dispersion in APD throughout the tissugnent to prevent fibrillation.
may facilitate the formation of conduction bloék3or allow The last question in particular takes on more importance
the development of sproing when the spiral period is shortein light of the fact that multiple mechanisms may be capable
at one end of the vortex line, leading to breakup of scrollof inducing fibrillation; therefore, pharmacotherapy studies
waves/8-181 designed to develop new drugs that target one breakup
In addition, we do not describe effects of geometricmechanism need to ensure that they do not activate, facili-
structure that can contribute to arrhythmogenesis, such date, or enhance other mechanisms that may exist. For ex-
curvature effect$*® nonuniform fiber orientation producing ample, flattening restitution can prevent mechanisms 1 and 2,
drift;®'! abrupt changes in fiber direction at sites like thebut we can speculate that breakup may still persist or resume
papillary muscle insertions in the ventricf&8, which can if by doing so a small refractory period and large wave-
provide anchoring sites for reentrant waves; and path strudengths are produced, thus facilitating mechanism 4. Simi-
tures for reentry, such as the pectinate mustié&‘the pul- larly, lowering the sodium conductance may suppress
monary veind? and the Purkinje systef? Furthermore, breakup by mechanisms 7 and 9 as the tip trajectory is
we have neglected no& and memory effect§?®201:224225  changed, but could in principle enhance 8 and 10 if the so-
mechanical contractioff® triggered activity including early dium change is extreme. It appears that the best way to sup-
afterdepolarization&?’ randomly distributed heterogen- press all of the mechanisms discussed here is conversion of
eities??® and localized heterogeneities such as é&r&! the tip trajectory to a large circular core, a conclusion simi-
and ischemic regions? all of which have been shown to larly reached by Samiet al?*3?**and Efimovet al% As
promote reentry and breakup. However, the analysis and efnentioned in Sec. Il, the tip trajectory can be made circular
fects of these and other types of native or illness-induce@nd increased in size by enlarging the excitability gap or by
inhomogeneities on the breakup of scroll waves is beyondlecreasing the sodium or calcium conductances. However,
the scope of this paper. decreasing the sodium conductance, as suggested in Ref. 64,
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may have arrhythmic effects due to mechanisms 8 and 10 iflefines tissue structure and anisotropy described in Sec. VI.
the excitability is too low. Therefore, reducing the calcium Except for the last two mechanisms, all simulations are iso-
conductance, as in Ref. 233, may be a good approaith  tropic, so thatD is a diagonal matrix whose off-diagonal
or without a concomitant small decrease in the sodium conelements are 0 and whose diagonal elements are
ductancg, but the effects of low calcium on contraction need 0.001 cn¥/ms. This is the most commonly used value in the
to be addressed. literature, but it assumes a surface to volume ratio of 5000/
To validate or dispute such approaches to arrhythmiam, corresponding to a fairly small cell radius of around 4
prevention, additional studies of the dynamics of these angim.® The two gate variables of the model.andw, follow
other breakup mechanisms in realistic cardiac geometries irfirst order equations in time:
cluding variations in cell types is needed. In some cases, the _ , +
parameter regimes in which the breakup occurs may be wid- dw(x)=(1=p)(1=v)l7, (V)=po/7, (V),
ened, making the breakup easier to occur. In other cases, AW(x,t)=(1—p)(1—w)/ 7, (V) —pwi 7 (V),
structural effects may vary the roles of a breakup mechanism 3 3 3
and conceivably new breakup mechanisms will emerge.  Where7, (V)=(1-0q)7,,(V)+qr,,(V) and
1 if V=V, 1 if v=v,
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In this appendix, we describe the simplified ionic modelFigs. 3a) and 3b).
introduced in Sec. Il and used through this manusdtipi In Sec. IV an extra current is added in order to obtain a
less specifically noted otherwisto simulate cardiac electri- biphasic APD restitution curve. This current is used in con-
cal dynamics. The dynamics of the transmembrane potentiginction with parameter set 8 and an extra variable denoted
V,, is governed by the cable equatigfV(x,t)=V-(DVV) here asy and obeying the following:
—(I5(V,0) +1s(V)+14(V,w))/C,,, where the ionic cur- _ %
rents determine cell dynamic§,,, represents the membrane biph=PP(y)™ 0.355kr ,
capacitanceset to 1uF/cn?), and the diffusion tensob wherepp(y)=1 for y>0.1 andpp(y)=0 otherwise, and

Mhe two gate variables and the transmembrane potential vary

from O to 1. Therefore, when comparing with other models

or experimentsy,, needs to be rescaled, as shown in Fig. 3.
he three currents are given by the following:

APPENDIX

TABLE |. Parameter values used for the 3V-SIM to produce the simulations included in this study.

Parameter Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 Set 9 Set 10

7t 333 10 333 333 333 333 10  13.03 3.33 10
o 196 10 196 156 12 9 7 196 15 40
™ 1000 10 1250 5 2 8 7 1250 2 333

o 667 - 870 350 1000 250 -+ 800 670 1000

T 11 - 41 80 100 60 - 40 61 65

74 025 025 025 0407 0362 0395 025 045 025 0.115
70 8.3 10 125 9 5 9 12 125 125 125

7 50 190 3333 34 3333 3333 100 3325 28 25
7o 45 - 29 265 29 29 - 29 29 2222

k 10 - 10 15 15 15 - 10 10 10

Ve 085 -~ 08 045 070 050 - 085 045 085

Ve 013 013 013 045 013 013 013 013 013 013
v 0055 -~ 004 004 004 004 - 004 005 0025
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ay(x,t)=(1—p)(1—y)/400- py/25. For the 1D reductions of target waves in the description
) ] of mechanism 2 and the 2D reductions of scroll waves in the

The 13 model parameters used in the various examples agfscription of mechanism 8, where radial coordinates are
their functions can be found in Ref. 87. We note that thesp|ution of the transmembrane potential to a polynomial;
numbering of the sets is purely for convenience, and does n@ferefore, the radial Laplacian at that point can be approxi-
indicate that a given parameter set corresponds to any pagated locally by 4Y4 —Voj)/sz.
ticular breakup mechanidis). ' '
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